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Abstract 
Composite airframes are designed to be lightweight and robust. In order to avoid the regions of 
enhanced stress around mechanical fasteners, composite airframes also make use of adhesives to 
bond components. In doing so, the stress concentrations arising from joining are distributed over a 
larger area. When joining composites with adhesives, it is important to consider the surface condition 
prior to bonding; any contaminant present at the surface may result in a reduction in performance. If 
contaminants are present, they must be appropriately removed before the adhesive is applied and 
this is one major area of interest in this work. A second major area relates to understanding how 
bonded composite structures perform under loading. Advancing up the design tree, mechanical 
testing becomes more expensive due to the costs of specimens and testing, and thus there is an onus 
to produce finite element (FE) models that can accurately predict how these structures may perform. 
FE models require experimental testing to be undertaken for model validation, and the mechanical 
testing of such a structural element and its behaviour in relation to an FE model of the test specimen 
is the second major area of this work. 
With regard to the characterisation of surfaces to be bonded, two aspects were considered. The first 
aspect considered a limited investigation into two surface inspection techniques for pre-bond 
qualification that were considered to show potential for automation. Whilst both techniques were 
able to detect a release agent contaminant on all surfaces tested, both techniques were unable to 
discern a hydraulic oil or barrier cream contaminant on peel-ply finished surfaces; it was therefore 
concluded that further development, beyond the scope of this thesis, was required before they could 
be integrated into a production line.  
The second aspect of work on surfaces to be bonded considered the atmospheric plasma treatment 
(APT) of a carbon fibre/epoxy resin composite surface. The removal of a silicone-based release agent 
using APT, characterised using surface analytical techniques, was coupled with adhesive bond strength 
measurements. Failure surfaces of adhesively bonded lap-shear joints that had been bonded at 
various intervals in time after treatment were also investigated. It was concluded that the 
contaminant was not removed, but rather converted to a more stable silica form.  
The work on the bonded composite structure investigated the mechanical testing to failure of 
adhesively bonded composite T-Joint structural elements. The full-field strain contours exhibited by 
the T-Joints during the load cycle were obtained through digital image correlation and compared to 
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the predictions of an existing finite element model. Good agreement was found between the model 
predictions and the measured strains. Regions of high strain indicated by both the digital image 
correlation results and the finite element analysis were indicative of potential failure initiation sites in 
the fractured specimens and there was some evidence of these initiation sites on the specimen 
fracture surfaces. 
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Chapter 1  
Introduction 
1.1 Background and Aims 
An interesting overview of the design and manufacture of aircraft is provided by Jouannet (2005). 
Designers, suggests Jouannet, have different views of the optimal design for aircraft depending on 
their area of responsibility and expertise. For example, the Structures group might want to optimise 
an airframe to be able to withstand significant loads, although such an airframe might result in a bulky 
and heavy structure (see Figure 1.1). The Propulsion group might then want to counteract this weight 
by increasing the number of engines, the aerodynamics group might want to optimise the aircraft by 
designing the airframe to have a blended wing planform, and the manufacturing group might then 
want to optimise for a simple to construct airframe to reduce the cost of production. Ultimately, 
optimal solutions of the individual group will not fulfil the requirements that are desired for the 
resultant aircraft, and a compromise must be reached. The conceptual design of an aircraft is 
consequently an interdisciplinary design project and requires multiple groups of engineers to 
communicate to achieve the best solution for the role of the desired aircraft. 
 
Figure 1.1: Optimal aircraft design as seen by different design groups. Adapted from Jouannet, 
2005. 
Having decided on a design, one way to optimise the manufacturing process is to create an automated 
manufacturing production line, assuming there is a requirement for a significant number of aircraft to 
be built. Whilst the initial capital expenditure for automated equipment might be high, the ability to 
produce aircraft to tight tolerances in a repeatable fashion will result in overall cost savings and is 
therefore desirable in the aerospace and defence sector.  
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In terms of weight, every kilogram that is shaved off the final design, there is less of a requirement for 
thrust, which in turn means less fuel is required to power the aircraft, and subsequently a reduction 
in cost and emissions output. Composite materials have high specific strength and stiffness properties 
when compared to metals, which make them great potential candidate materials for weight-saving. 
As research into composite materials is ever increasing, so too are the development of automated 
manufacturing techniques. Composite structures are often joined with adhesives, which reduces the 
weight of an airframe further by removing the requirement for comparatively heavy mechanical 
fastenings. Adhesive deposition can also be achieved using an automated deposition technique. 
Whilst adhesively bonded structural composites show significant advantages over metal airframes, 
there are still several key areas of development required. During the manufacture of composite 
panels, contamination of an adherend surface might arise, which can cause defects within an adhesive 
bond that are difficult to detect using conventional non-destructive testing techniques. These defects 
in turn could cause a significant reduction in the performance of the resultant adhesively bonded 
composite structure. This is of great concern when considering primary aircraft structures that carry 
flight, pressurisation, or ground loads, where a loss of structural performance will result in a reduction 
in the overall integrity of the aircraft. Consequently, contamination must be effectively removed prior 
to bonding; hence, a key area of development in the manufacturing process is (i) to detect 
contamination and (ii) to use a surface treatment to remove it. One such surface treatment of interest 
is atmospheric plasma treatments (APT), that have been reported to yield an increase in mechanical 
performance of some adhesive bonds. However, very limited research has been undertaken into their 
applicability for thermosetting structural composite materials typically used in the aerospace industry. 
The ability to accurately predict how a bonded composite component performs under load is also a 
key area of development. Whilst testing structures to failure is important, as it confirms that a 
structure will not fail under the various loading cases and environmental conditions that might be seen 
during the service lifetime of the structure, the computational modelling of composite structures is 
far cheaper and allows for incremental changes in the design process to occur rapidly. The 
computational models require validation however, and this can be difficult. Whilst strain gauges 
provide accurate data suitable for validation, they take time to mount to the surface of a test specimen 
and can only give information local to the gauge. With recent advances in data capture techniques, 
photographic strain measuring techniques such as digital image correlation (DIC) are becoming 
increasingly popular to monitor strains and damage onset in composite structures. DIC monitors the 
full-field deformation of the surfaces of structures under load, and can be implemented quickly, thus 
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reducing the time it takes to undertake an experimental test phase. In this work, DIC will be used on 
a simple test configuration developed by BAE Systems. 
The general aims of the work are thus twofold: to aid in the future design of primary aircraft structures 
by focussing on improvements to adhesive bonding (by the removal of surface contaminants), and the 
validation of the modelling of a bonded joint using the digital image correlation technique. 
1.2 Structure of Thesis  
The thesis is structured as follows: Chapter 2 reviews the state of the art in techniques used to 
characterise an adherend surface prior to bonding, and reviews the literature pertaining to surface 
pre-treatments, and surface characterisation techniques. It also outlines the use of the digital image 
correlation technique to obtain full-field strain measurement. Chapter 3 investigates two wide area 
surface cleanliness measurement techniques of interest to BAE Systems that show potential for 
automation. Chapters 4, 5, and 6 describe the experimental findings of a series of investigations 
concerning the atmospheric plasma treatment of carbon fibre / epoxy resin composites prior to 
bonding, with Chapter 4 presenting a holistic observation of the technology. Chapter 7 focuses on the 
strain measurements using DIC of an adhesively bonded T-joint with comparisons to finite element 
model predictions of strain. Finally, Chapter 8 summarises the conclusions of the investigations, and 
suggests potential areas for future work.  
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Chapter 2  
Literature Review 
2.1 Introduction 
Composite materials are increasingly employed in the aerospace industry for their lightweight and 
stiff properties. As the preferred method of joining composite materials is through adhesive bonding, 
the development of pre-bond screening techniques and surface treatments are important aspects to 
consider. Another aspect of equal importance is how resultant adhesively bonded structures perform 
under loading conditions, and how structures can be effectively modelled. 
As the thesis presents three topics of interest to BAE Systems, namely the investigation of wide area 
surface inspection techniques, the atmospheric plasma treatment of carbon fibre / epoxy resin 
composites, and the mechanical testing of an adhesively bonded T-joint structural element, this 
chapter aims to highlight research pertinent to the respective topics of interest. The following section 
describes the implementation of carbon fibre / epoxy resin composites in aerospace structures, 
including manufacturing techniques and resin additives to increase performance. This is followed by 
a section concerning the joining of composites to produce structures, giving focus to mechanical 
fastenings, adhesive bonding of composites, and the implications of contaminants present at an 
adhesive bond line. A section then focusses on techniques that can be used to detect contamination, 
and introduces other analytical techniques concerned with characterising the composite surface. The 
following section then introduces the concept of surface pre-treatments in order to mitigate the 
effects of surface contamination, with a heavy focus on atmospheric plasma treatments. The 
penultimate section discusses the mechanical testing of structural elements, focussing on the digital 
image correlation technique to measure strain. A final section summarises the chapter, and makes 
comments about the state of the art.  
2.2 Carbon Fibre/Epoxy Resin Composites for Aerospace Structures 
2.2.1 Introduction 
The use of composites in aerospace has grown considerably in the past 50 years in both civil and 
service aircraft to produce stiff, lightweight, and therefore more fuel-efficient platforms. For example, 
the Boeing 787 is manufactured using 50% by weight composite materials, whilst its predecessor, the 
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Boeing 777 uses only 12% by weight (Boeing, 2019). New generation fighter jets, such as the 
Eurofighter Typhoon uses 70% by weight (Eurofighter, 2019), whilst the Lockheed Martin F-35, 
although a lower percentage compared to the Eurofighter Typhoon, uses 35% by weight, which is still 
a significant percentage (Composites World, 2009). As this trend increases, thought must be given to 
composite manufacturing techniques, and their applicability for structural components (Soutis, 2005). 
2.2.2 Composite Mould Forming and Additives 
In the aerospace sector, composite panels are often required to exhibit complex profiled geometries, 
such as wing aerofoils or parts of the front fuselage. In order to produce the geometries required for 
the airframe, a mould tool is often employed in the manufacturing stage. Mould tooling can be 
comprised of two parts to intensify the geometry, or open faced, which use a vacuum bag or autoclave 
process to produce the required pressure for consolidation during the cure cycle (Hull and Clyne, 
1996). A low-tack release film or chemical release agent is applied to the tooling prior to the composite 
lay-up, which facilitates part separation from the mould once the cure cycle is complete. Without this 
crucial barrier, the cured part might fuse to the tooling, which would result in significant down-time 
during the manufacturing cycle (Wypych, 2014). 
Various additives and chemicals can be used to enhance the processability and give performance 
enhancing effects to resins. Halogenated polymers are sometimes added to epoxy resin systems that 
will be employed in high temperature and demanding environments for their flame-retardant 
properties (Small et al., 2007), however it is well documented in the literature that these chemicals 
readily degrade when subjected to UV (Brent-Strong, 2007; Yousif and Hasan, 2015) and X-ray 
radiation (Beamson and Briggs, 1993), and must be considered when implementing them within a 
composite material.  
2.3 Joining of Composite Materials 
2.3.1 Introduction 
When manufacturing structures out of fibre reinforced composites, focus must be given to the joining 
method in order to effectively transfer load from one structural member to the other. In isotropic 
materials such as metals, mechanical fastenings such as rivets and bolts can be used to great effect. 
However, as composite materials carry load through the fibres, any discontinuity in the fibre, as a 
result of a drilled hole for example, can lead to stress concentrations. Whilst interest in fibre 
displacement techniques, such as thermally assisted piercing (Bahrami et al., 2019), is gaining traction, 
joining composite materials is often done using an adhesive bond. This is beneficial in many ways, as 
it spreads the load that is to be transferred to each structural member over a wider area. However, 
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adhesive bonds can be weakened through the presence of surface contamination, and consequently 
the extent to which a contaminant can weaken the bond, or indeed form a so-called kissing bond 
(where the adherend surfaces are in intimate contact however no load is transferred across the bond) 
must be investigated.  
2.3.2 Methods of Joining Composite Materials 
Mechanical fastenings, such as bolted joints and rivets, can be used to join composite parts, however 
in doing so a hole must be drilled through the composite which results in fibre discontinuity. Further, 
loading a mechanically fastened composite structure can result in stress concentrations around the 
hole, and can cause several different failure modes; cleavage, bearing, net-tension and shear-out 
failures, as seen in Figure 2.1 (Gill et al., 2014). Of these failure modes, only bearing damage produces 
a progressive failure, and subsequently composite bolted joints are designed to fail under this mode. 
Bearing failure occurs in the material immediately adjacent to the contacting bolt surface due to 
primarily compressive stresses and leading to a non-linear behaviour of mechanically fastened 
composite structures. 
 
Figure 2.1: Failure modes in bolted fibre reinforced composites. After Gill et al., 2014. 
A recent technology of interest to join composite parts is thermally assisted piercing (TAP), which is 
used to locally displace fibres at the site of a required hole as opposed to removing material to form 
the required hole. The part is heated up to temperatures near the glass transition temperature of the 
matrix material to locally soften the composite, and a spike is driven through the required position, 
parting the fibres as it penetrates the part. In doing so, load applied to the structure is carried by fibres 
around the hole, thus reducing the stress concentration effects. However, this technology is currently 
only applicable to thermoplastic matrix materials. (Brown et al., 2015; Bahrami et al., 2019). 
One of the most effective ways to transfer load from one structural member to another is by using 
adhesive bonds (Adams, 2005; Wu et al., 2016). Rather than using a mechanical fastening which can 
introduce a stress concentration to the structure, the load is instead transferred across a wide area, 
thus reducing the overall load per area that the structural member is subjected to. Five mechanisms 
of adhesion have been established, which are summarised in Table 2.1, alongside techniques that 
Chapter 2. Literature Review 
7 
 
could be used to characterise each mechanism (Watts, 2016). In the context of determining the 
effectiveness of surface treatments for adhesion, the mechanical interlocking, chemical and dispersive 
mechanisms are of most significance.  
Table 2.1: Mechanisms of adhesion. Examples of characterisation techniques are in parentheses. 
Adapted from Watts, 2016. 
Mechanism Description Quantified by 
Mechanical Adhesion is determined through 
mechanical interlocking at voids and 
topological features 
Surface roughness 
(Scanning electron microscopy, 
atomic force microscopy) 
Chemical Compound formation between adherend 
and adhesive in the form of covalent, ionic 
and/or hydrogen bonding 
Surface chemistry (X-ray 
photoelectron spectroscopy, 
time-of-flight secondary ion 
mass spectroscopy) 
Dispersive Van der Waals forces hold two materials 
together through areas of localised charge 
Surface energy 
(contact angles using multiple 
liquids can be used to 
determine the polar and 
dispersive components of 
surface energy) 
Electrostatic Passing of electrons between adherends to 
form a difference in electric charge 
Potential difference 
(Voltmeter) 
Diffusion How materials merge at the joint, by 
diffusing into each other 
Depth profiling to determine 
consistency 
(Depth profiling XPS, Sectional 
SEM and EDX) 
 
The strength of adhesive bonds is often assessed using single-lap joint tests. Single lap joints are simple 
mechanical tests to manufacture and test consisting of two adherends, typically 25 mm wide, 100 mm 
long and 1.5 to 2.0 mm thick, bonded with an overlap length ranging from 12.5 to 25 mm (ISO 
4587:2003, 2003), and can give information about the strength and quality of an adhesive bond 
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through considering the mode of failure by investigating the fracture surfaces. For example, a cohesive 
failure mode through the adhesive suggests that an effective bond was produced, whereas a failure 
at the substrate/adhesive interface suggests the contrary. These have been illustrated in Figure 2.2 
(Comyn, 1997).  
 
Figure 2.2: Modes of fracture in a single lap joint. After Comyn, 1997. 
2.3.3 Non-Destructive Testing of Composite Materials 
Composite structures which fail to achieve their design requirements or projected life due to 
unexpected or unknown defects may require expensive repair procedures or early replacement. 
Defects, such as cracks, voids, delaminations and debris that arise through improper machining or 
handling of the structures might act as stress raisers that can cause further damage initiation points 
and can result in catastrophic failure of the structure. It is therefore of paramount importance to 
assure that a structure does not contain defects. Non-destructive testing (NDT) techniques can be 
used throughout the manufacturing process of composite structures to detect defects, and include 
visual inspection, ultrasound, laser shearography, and pulsed thermography. These techniques are 
outlined below.  
Ultrasonic testing is a well-established NDT technique for the detection of defects in composites 
(Chimenti and Nayfeh, 1985; Michaels and Davidson, 1993; Kocznarech, 1995; Rhee et al., 2007). In 
ultrasonic testing, an ultrasound transducer connected to a diagnostic machine is passed over the part 
being inspected. The transducer is typically separated from the test object by a couplant (such as a 
gel) or by water, as in immersion testing. An ultrasonic signal is transmitted through the part, which is 
then reflected to the transducer as it interacts with either the back face of the part, or a defect within 
the part itself. In the case of composite structures each ply will return a reflected signal, and therefore 
the acquired data requires post processing. Ultrasonic testing can produce high resolution spatial data, 
however is time-consuming to implement. Ultrasonic data is typically presented in a variety of 
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formats, however the most common are A-scan or amplitude format, B-scan or brightness format, and 
C-scan or time-motion format. The A-scan format displays the amount of received ultrasonic energy 
as a function of time. The relative amount of received energy is plotted along the vertical axis and the 
elapsed time (which may be related to the sound energy travel time within the material) is displayed 
along the horizontal axis. Relative discontinuity size can be estimated by comparing the signal 
amplitude obtained from a defect to that from a known reflector within a calibration test part. The 
defect depth can be determined by the position of the signal on the horizontal sweep. The B-scan 
format produces a profile (cross-sectional) view of the part. In the B-scan, the time-of-flight of the 
sound energy is displayed along the vertical axis and the linear position of the transducer is displayed 
along the horizontal axis. From the B-scan, the depth and linear dimensions of the defect in the scan 
direction can be determined. The C-scan format produces a plan view of the part, displaying the size 
and location of defects present in the plane of the transducer raster path. The relative signal amplitude 
or the time-of-flight is displayed as a shade of gray or a colour for each of the positions where data 
was recorded.  
Laser shearography is a non-contact method of NDT that can rapidly inspect a structure to determine 
the presence of defects. The surface of a structure is illuminated with a coherent laser light, producing 
an interference pattern, and a reference image is taken. The structure is subjected to a light load, and 
further images are taken and compared with the reference image. Any relative displacement of the 
surface is depicted as fringes within the image and are closely related to lines of iso-strain, which can 
then be used to infer the location and size of any defects present within the structure (Milton, 
Treharne and Davies, 2018).  
Pulsed thermography is another non-contact NDT technique that can provide a rapid assessment of 
whether defects are present in a structure. A pulsed thermal experimental test uses a thermal source, 
such as a flash lamp or laser to provide an instant heating of the structure, and an infrared camera to 
monitor the surface temperature decay after the thermal impulse. Any defects that are present within 
the structure blocks the heat flow from the heated surface, which causes a reduction in the surface 
cooling rate above the defect. Any contrasts in the surface cooling rate between regions containing 
defects and pristine material is then observed by the thermal camera (D’Accardi et al., 2018). 
Kadlec and Rŭzek (2011) compared laser shearography and ultrasonic C-scan NDT techniques to detect 
defects within a glass fibre / epoxy resin composite laminate that was subjected to impact testing. The 
laminate was manufactured using 8-harness satin weave fabric, 3.5 mm in thickness. Nine specimens 
were cut from the laminate impacted by a 5.5 kg impactor with an impact head 16 mm in diameter, 
at impact energies of 5 to 40 J. These impact energies were chosen as they were representative of 
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falling tools, runway debris, or hail impact. The C-scan technique was able to detect the damage region 
from 5 J impacts effectively, however it was not able to detect small damage present in the form of 
microcracks. Laser shearography was able to detect the damage from the 5 J impact and microcracks, 
however the resolution diminished as the depth of the defect increased. In terms of the reliability, 
simplicity, and rapidity of the techniques, laser shearography was concluded to be the most suitable 
method for the detection of barely visible flaws. The C-scan was more appropriate for precisely 
defining the inner damage region caused by the impact head.   
Cheng and Tian (2012) compared pulsed eddy-current (PEC) stimulated thermography, flash 
thermography, and ultrasonic scanning techniques to detect delaminations. Experiments considered 
a 20-layered CFRP samples (CYCOM970/T300). Delaminations were simulated by inserting a two-
layered polytetrafluoroethylene film (of thickness 0.1 mm for each layer) between two fibre layers. 
The diameters of the delaminations were 6 mm, 10 mm, and 15 mm, and were positioned at the 
interface of the 1st-2nd, 2nd-3rd, 5th-6th, 6th-7th, 9th-10th, and 10th-11th layers (155 µm, 310 µm, 
775 µm, 930 µm, 1395 µm, and 1550 µm respectively). The PEC-stimulated thermography and flash 
thermography techniques were able to detect the delaminations up to 930 µm and provided good 
defect visualisation within seconds of inspection. The ultrasonic scanning techniques could detect 
delaminations at all depths, however inspection time took significantly longer (minutes to hours), and 
yielded poor defect visualisation.  
2.3.4 Effects of the Presence of Contamination at the Adhesive Bond Line 
Kissing bonds, or zero volume de-bonds, are interfacial defects where the substrate and adhesive are 
in intimate contact, or couple through a thin layer of contaminant or weak bond. They are thought to 
arise from factors such as contamination present at the surface during manufacture, for example 
release agents used to assist the removal of a cured part from tooling, incorrect curing or chemical 
interaction of the adhesive, hydraulic oils that are used in systems such as landing gear and flight 
control surfaces in aircraft, or various forms of environmental attack. Kissing bonds can reduce the 
failure strength of adhesive joints. Marty et al. (2004) defined kissing bonds as where single lap joint 
testing has yielded a failure strength reduction of 20%, undetectable through conventional NDT 
methods such as ultrasound, laser shearography etc, and where the failure mode is at the substrate-
adhesive interface.  
An investigation into the effect of contaminations present at kissing bonds was undertaken by 
Jeenjitkaew et al. (2010).  Double lap joints of aluminium Al2014 T6 were manufactured to produce 
two sets of experimental conditions, with epoxy film adhesive Redux 319, a high cure temperature 
adhesive, and a room curing adhesive, E3348, to provide a comparative study of differing adhesives. 
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The differing cure temperatures were used to determine whether cure temperature affected the 
migration of contaminant particles from the substrate/adhesive interface into the bulk adhesive. 
Specimens contaminated with either release agent (Frekote 700NC), artificial sweat, and oil-based 
cutting lubricant (So-Cool Bio 12S) were produced. The contaminants were chosen as they are 
synonymous with potential manufacturing and in-service conditions and applied to the outer 
substrate to cover 25% of the effective bonded area. It was observed that in the high temperature 
cure adhesive set, the DLJ failure strengths for the artificial sweat and oil-based cutting lubricant 
conditions were consistent with the control condition. However, the presence of release agent yielded 
a 27% reduction of DLJ failure strength, which suggested the presence of kissing bonds.  The room 
temperature curing adhesive yielded negligible reductions in the DLJ failure strength values for the 
artificial sweat and oil-based cutting lubricant conditions, however the presence of release agent 
yielded a 27% reduction in DLJ failure strength.  
It was concluded that the presence of release agent at an Al/epoxy based adhesive interface produced 
kissing bonds and displayed interfacial weaknesses at the release agent contaminated interface. The 
artificial sweat condition did not form kissing bonds as it did not affect the interfacial morphology and 
subsequently did not affect the mechanical performance of the bond. The oil-based cutting lubricant 
condition did not form kissing bonds either, which was explained as being due to diffusion of the 
contaminant into the bulk adhesive. This meant that only a slight reduction in joint strength was 
observed, which was further evidenced by the combination of cohesive and interfacial weaknesses 
observed. 
Investigations into the possible loss of mechanical performance of PMC-PMC adhesively bonded joints 
were undertaken by Markatos et al. (2013). Five different conditions were compared to a reference 
condition: poor curing of the adhesive during the bonding process; release agent contamination at the 
adherend surfaces; moisture uptake by the adherend substrates; contamination through hydraulic oil; 
and thermal degradation. The first three conditions mentioned are synonymous with scenarios during 
manufacturing processes; the last two conditions were designed to be analogous to in-service 
scenarios.  
Eight specimens for each condition were produced to determine the mode-I interlaminar fracture 
toughness as determined through DCB testing. The specimens were first examined using ultrasonic C-
scan and x-ray tests, however defects weren’t detected. The C-scan technique was able to highlight 
areas of high porosity in the moisture uptake and Skydrol cases however this could be attributed to 
the expanding gas during bonding process due to water vaporisation above 100°C and could not be 
treated as illustrative of the defects caused by moisture and Skydrol.  
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The mode-I interlaminar fracture toughness (GIC) of the specimens were measured. It was observed 
that the reference specimens exhibited the highest values of maximum load, as expected. The 
maximum load obtained by the moisture uptake and Skydrol conditions were reduced by 
approximately 7%. Thermal degradation and release agent conditions show decreases of 33% and 47% 
respectively, whereas the poorly cured adhesive condition show a reduction of 77% in maximum load 
obtained. A nearly 95% decrease in the mode-I interlaminar fracture toughness was seen in the case 
of the poor adhesive curing cycle when compared to the reference sample, highlighting the 
importance of adhesive cure process optimisation. The release agent and thermal degradation 
conditions had reductions in GIC of 70% and 62% respectively. The specimens in these three conditions 
were all found to have failed at the substrate/adhesive interface.  The moisture uptake and Skydrol 
conditions failed cohesively and exhibited GIC reductions of 25% and 27% respectively. These two 
conditions failed in cohesive failure. Figure 2.3 shows the mode-I interlaminar fracture toughness 
values for each of the six conditions, highlighting that the presence of a release agent contaminant 
caused the most significant reduction in mode-I interlaminar fracture toughness. This further points 
to the requirement for the development of techniques to remove release agent contaminants, as they 
cause significant reduction in the mechanical performance of adhesively bonded structures. 
 
Figure 2.3: The mode-I interlaminar fracture toughness values for each of the six conditions. 
After Markatos et al., 2013. 
2.4 Surface Analytical Techniques 
2.4.1 Introduction  
Pre-bond screening techniques are often implemented whilst manufacturing adhesively bonded 
structures in order to determine whether the adherend surface is suitable for bonding, i.e., whether 
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contaminant is present at the surface. These techniques include the water-break test, sessile drop 
tests and dyne pens, and can give information about the surface energy of the adherend, which can 
be used to suggest the suitability of the surface for bonding. These techniques, which are not without 
complications, are described in detail in the following section. As well as pre-bond qualification 
techniques, several surface analytical techniques used in this thesis are introduced, including digital 
stitched microscopy (DSM), scanning electron microscopy (SEM), and X-ray photoelectron 
spectroscopy (XPS). 
2.4.2 Wide-Area Surface Inspection 
Work undertaken by Duncan (2005) considered the characterisation of surfaces prior to adhesive 
bonding using the water break test, dyne pen test, and the sessile drop technique, and also discussed 
their applicability as pre-bond screening techniques. The water break test is a very rapid assessment 
of surface free energy. However, it only yields qualitative information and no specific value of surface 
free energy is determined. For this reason, the water break test is only used to gauge whether the 
surface is qualitatively wetting. The test specimen is a flat plate which is either submerged fully in 
water or sprayed with a fine mist. The test specimen is then observed to exhibit either a film of water 
that is maintained, indicating good wetting, or water droplet formation, indicating poor wetting. 
The dyne pen test, also known as corona test pens, is a technique suitable for determining the surface 
free energy of plastic films. It is semi-quantitative; a series of mixtures of formaldehyde and 2-
ethoxyethanol of increasing surface tension are applied to the surface (using a solution-soaked cotton 
wool bud) until a mixture is found to just wet the surface. This is observed by visually inspecting the 
applied liquid and determining whether water droplets form as opposed to a consistent film. These 
dyne pens allow for a quick estimation of the surface free energy. They are not without their 
limitations however, as they have limited shelf-life and can be imprecise. Their reliability is also 
reduced through excessive use as a result of transferal of contaminants present on a surface of a 
substrate to the pen. 
The sessile drop technique involves measuring the static contact angle of a drop of test liquid on a 
substrate either through using a goniometer (by projecting the image of the water droplet onto a 
screen) or by digital analysis (through video imaging). Cheap handheld devices are available in the 
current market. Manual goniometer methods can be affected by observer subjectivity, and therefore 
care must be taken when using this technique. Digital analysis through using video imaging is the more 
common technique, and the contact angle between the substrate and the test liquid (typically ionised 
water) can be determined through automated image fit techniques, which require the observer to fit 
curves to the profile of the recorded droplet. The sessile drop technique does take a reasonable 
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amount of time to undertake, and hence is not overly used in industry, but is suitable for research and 
development. As a rule of thumb, surfaces that exhibit contact angles below 45° are indicative of good 
surface wetting, and therefore are appropriate for bonding (Krüss, 2020).  
Both the water break test and dyne pen tests give rapid analysis of a wide area and allow for the 
detection of unwetted areas with ease, when compared to the sessile drop technique, which only 
gives a small sample area, and has many requirements in order to get high quality data. However out 
of these techniques, the sessile drop technique is the only method that provides quantifiable 
measurements of the surface free energy.  
Wachinger et al, (2009) introduced a few forms of non-destructive testing suitable for characterising 
the wettability of a wide-area substrate that have recently been developed. IFAM Fraunhofer has 
developed a technique they have called BoNDTinspect, which is an aerosol wetting test (AWT) and has 
been designed such that it can be incorporated into the production line as a form of quality assurance. 
This process creates a droplet distribution onto a specimen substrate by using an ultrasonic nozzle to 
generate a water aerosol. The water droplets have an average diameter between 0.1-0.3 mm 
depending on the surface state of the sample. An optical camera is used to take images of the wetted 
surface, and digital imaging software is used to discern the water droplet diameters. The software can 
then subsequently identify the level of wettability of the surface and can be used to identify regions 
that do not meet a required threshold.   
Optically stimulated electron emission (OSEE) is a recently new technology that uses the photoelectric 
effect to characterise the surface of a material. An ultraviolet light source is focussed onto the 
specimen in order to excite surface atoms, causing them to emit electrons with energy levels related 
to the wavelength of the emitted light. This can be used as a technique to qualify surfaces prior to 
bonding, as the presence of contaminants or other surface discrepancies will affect the intensity of 
the collected electrons. Figure 2.4 shows a schematic diagram of the OSEE technique, with the UV 
lamp shining through an aperture onto a target surface, and the collector which quantifies the 
electrons emitted from the surface. On the right, a thin layer of contaminant attenuates the number 
of electrons recorded by the collector.  
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Figure 2.4: Schematic diagram of the OSEE technique. Adapted from Brune et al., 2013. 
Brune et al. (2013) ran several detailed investigations into the effectiveness of OSEE at qualifying a 
CFRP specimen prior to bonding. The relationship between OSEE signal intensity and stand-off 
distance follows an inverse square relationship, and therefore to mitigate attenuation and subsequent 
error, the OSEE sensor head should be as close to the surface as reasonably practical. Additionally, if 
there are macroscopic variations of 1 mm in the surface topography of the substrate in question, the 
results obtained by OSEE may be affected by up to 20%, suggesting that OSEE might not be suitable 
for textured surfaces. Brune et al. (2015) investigated current quality assurance techniques to assess 
both steel and CFRP substrates before adhesive bonding OSEE and AWT. CFRP specimens were 
mechanically abraded to expose both the matrix material and carbon fibres and subjected to a silicon-
based release agent contaminant layer. Specimens were obtained with a range of coating thicknesses 
between 1 and 10 nanometres and included an untreated control specimen. The surfaces were then 
characterised by both ENDT techniques and XPS with the motivation to draw a comparison of the 
sensitivity of the ENDT techniques to the presence of the silicon-based release agent. Figure 2.5 shows 
the signals obtained from the OSEE technique and the mean droplet size obtained from the AWT 
technique, and how they compare to the percentage presence of the silicon-based release agent as 
determined by XPS. It can be seen that the signals obtained by OSEE are sensitive to the presence of 
even the thinnest layers of release agent. The results of water droplet size analysis obtained from AWT 
shows that the number of wider water droplets observed was significantly higher on substrates free 
from release agent, indicating a better wettability which was to be expected. Subsequently Figure 2.5 
show that both techniques can determine the presence of contamination making both suitable for 
pre-bond surface cleanliness measurement. 
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Figure 2.5: A comparison of two new NDT surface free energy characterisation techniques, 
OSEE and AWT. After Brune et al., 2015. 
Polymer matrix composites, unlike metals, have constituent parts that are not necessarily suitable for 
conducting electricity, and consequently may be subjected to an electrostatic charge building up on 
the surface. It was found that when an OSEE measurement was repeated at the same position on the 
CFRP surface, the measured OSEE signal intensity decreased by roughly 10%, which was attributed to 
the electrostatic charge build-up effect.  
In order to consider OSEE as a viable technique for qualifying surfaces during a production line, CFRP 
specimens were subjected to conditions that would lower the mode I interlaminar fracture toughness 
of a bonded joint as prescribed by Markatos et al. (2013). These conditions included (i) ready to bond, 
(ii) contaminated by Skydrol hydraulic oil, (iii) release agent, and specimens subjected to (iv) thermal 
degradation and (v) moisture uptake. The results, presented in Figure 2.6, showed a significant drop 
in OSEE signal intensity for the thermally degraded CFRP specimen. The specimen subjected to 
moisture uptake also showed reduced signal intensity. However, the sample subjected to a hydraulic 
oil/water mixture and the sample with a layer of liquid water with a thickness of a few micrometres 
did not show a signal.  The sample subjected to a release agent was found to have a significantly lower 
OSEE signal intensity. 
These results suggest that OSEE is suitable for detecting thermo-oxidative effects, is highly sensitive 
to the presence of water or oil-based lubricants present at the surface and can detect the presence of 
surface contaminants such as release agents. Consequently, OSEE is suitable for qualifying surfaces 
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prior to bonding. Figure 2.6 shows the recorded OSEE signal for various surface conditions at a 
consistent stand-off distance, including ready to bond, contaminated by Skydrol, release agent, and 
specimens subjected to thermal degradation and moisture uptake.  
 
Figure 2.6: OSEE qualification of CFRP surfaces subjected to various processes. After Brune et 
al., 2013. 
Tornow et al. (2015) undertook a comparative study of three ENDT techniques and their ability to 
discern material defects at the surface. The techniques under consideration were OSEE, AWT and 
Laser induced breakdown spectroscopy (LIBS). This was carried out as part of the European FP7 
ENCOMB (Extended non-destructive testing of composite bonds) project, which aimed to identify, 
develop, adapt and validate ENDT methods for characterising adherent surfaces. The techniques were 
tested on their ability to detect different contamination layers/conditions that are prevalent in the 
manufacturing industry, considering release agent or hydraulic oil contaminant layers, as well as 
moisture absorption and thermal degradation.  
CFRP material was produced using unidirectional layers and formed in a thermoset matrix (T700 low 
density carbon fibres & Hexply® M21 matrix from Hexcel). Clean untreated reference samples were 
acquired by grinding until a fibre layer was reached and cleaned, according to aircraft manufacturer 
standards. For the release agent condition, the samples were dipped into a solution of Frekote 700 NC 
dissolved in hexane, dried for 30 minutes at room temperature, then heated for 60 minutes at 80°C in 
an air circulating oven (XPS investigations confirm that the surface was evenly covered at several 
locations across the sample). For the moisture uptake condition, samples were exposed to 
demineralised water for 672 hours at 70°C, achieving a moisture uptake of 1.5%. Hydraulic oil 
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contamination was represented by dipping samples in a Skydrol® – water phase solution for 672 hours 
in an air circulating oven at 70°C. Thermally degraded samples were produced by exposing samples to 
220°C for 1 hour in an air circulating oven. 
OSEE, AWT and LIBS were able to detect layers of release agent as thin as one nanometre and thin 
layers comprised of hydraulic oil. As a follow up the ENCOMB project, it was found that such a low 
detection limit from ENDT techniques can allow the detection of contamination layer thicknesses that 
are so thin that the initial joint strength is negligibly affected. With regards to the thermal degradation 
condition, it was found that OSEE was able to discern thermo-oxidative effects on surface states. AWT 
was also found suitable to detect the changes in surface chemistry that arose due to thermal 
degradation and is summarised in Table 2.2. 
Table 2.2: A comparison of the three ENDT techniques ability to qualify CFRP surfaces. After 
Tornow et al., 2015. 
Scenario OSEE AWT LIBS 
Release Agent Suitable Suitable Suitable 
Hydraulic Oil Suitable Suitable Suitable 
Moisture Uptake Suitable - - 
Thermal Degradation Suitable Suitable - 
 
OSEE sensitivity to the presence of contaminating layers and superficial oxidation was attributed to 
the attenuation of photoelectrons emitted from the CFRP surface. The water-based AWT technique 
was found to be sensitive to chemical changes of the CFRP surface composition resulting from the 
deposition of films or from oxidisation of the substrate surface. However, subjecting the CFRP 
specimens to the prescribed moisture treatment did not significantly affect the water wetting 
behaviour, and as such AWT was not suitable in the detection of moisture in the sample. In 
combination with a fast image acquisition and evaluation software, with OSEE and AWT areas of 
several cm2 per second can be inspected, whereas LIBS can inspect several points of analysis per 
second. 
Based on this review of the literature, it can be concluded that OSEE and AWT techniques can both be 
used as sensitive NDT analysis techniques suitable for indicating the presence of a silicon-based 
release agent, however OSEE was able to discern all surface states considered. According to the 
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literature, the integration of either of these techniques into a production line to identify surfaces that 
require more cleaning prior to bonding would be favourable. 
2.4.3 Surface Analysis Techniques  
Whilst wide area surface inspection techniques can be used as pre-bond screening tests, analysis of 
the surface at the microscale, using techniques such as scanning electron microscopy, has been 
undertaken post-failure to determine the point at which an adhesive bond failed. When considering 
the testing of lap shear test specimens, should failure occur in the material and not the adhesive, 
features present at the fracture surface can be used to indicate the locus of failure (Greenhalgh, 2009).  
Macroscopically, shear failure surfaces appear smooth and non-reflective. A typical feature that is 
characteristic of a mode II (shear) failure mode is the presence of shear cusps, which appear as raised 
platelets. Cusps and the presence of surface debris (caused by abrasion between the fracture surfaces 
during shear loading) can be used to indicate the sequence of failure. The greater the amount of 
surface debris, the longer the fracture surface has been in existence during the loading regime. Only 
one fracture surface will retain the cusp, whilst the other surface will exhibit a scallop feature where 
the cusp formed. Figure 2.7 shows the visual appearance of shear cusps as they appear under the 
microscope.  
 
Figure 2.7: Visual appearance of cusps under the optical microscope. After Greenhalgh, 2009. 
Whilst single lap joint shear test specimens are designed to exhibit a predominantly mode II failure 
mode, it is also important to consider the mode I failure should there be mixed mode loading at the 
edges of the adhesive.  As the failure mode changes, so too does the cusp orientation. As the mode II 
component decreases, the cusp angle will flatten.  
X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that measures the 
elemental composition at the surface of a material, with the ability to detect the presence of elements 
typically to accuracies at the parts per thousand range, using a survey spectral analysis. It can also be 
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used to determine the chemical state of the elements present through narrow scan analysis by 
considering the peak height, full-width half maxima, shift in peak binding energy, and through the 
deconvolution of complex peak shapes into peaks that are characteristic of individual functional 
groups and bond types. 
An indication of the change in surface chemistry can be obtained using XPS if data is collected both 
before and after a contamination or cleaning event. The XPS process uses photoemission, where an 
electron from a core level of an atom is ejected as a result of exposure to an incident X-ray beam. The 
photoionised electron has a kinetic energy related to the X-ray beam, however this not a value intrinsic 
to the material itself. Spectroscopists therefore typically present the binding energy of the ejected 
core electron, which can be used to identify the ejected electron in terms of the atom from which it 
came, and the atomic energy level. The binding energy, EBE, can be calculated by: 
𝐸𝐵𝐸 = ℎ𝑣 − 𝐸𝐾 − 𝑊 
Equation 2.1 
Where hv is the energy of the incident X-ray beam, EK is the kinetic energy of the ejected electron, and 
W is the spectrometer work function. The analysis depth of XPS varies with the kinetic energy of the 
ejected electrons. The depth of analysis is determined by the attenuation length of the electrons, 
which is related to the inelastic mean free path. Seah and Dench (1979) proposed that the attenuation 
length can be calculated by: 
𝜆 =  
538 𝑎𝐴
𝐸𝐴
2 + 0.41α𝐴(α𝐴𝐸𝐴)
0.5 
Equation 2.2 
Where λ is the attenuation length of the electrons in nm, EA is the energy of the electron in eV, and 
αA3 is the volume of the atom in nm3. Databases containing the attenuation length and inelastic mean 
free path of various materials exist and are readily accessible. The intensity of the electrons emitted 
from a direction normal to the surface can be determined by the Beer-Lambert relationship: 
𝐼 =  𝐼0 exp  (
−𝑑
𝜆
) 
Equation 2.3 
Where I is the intensity of electrons emitted from all depths greater than d, and I0 is the intensity from 
an infinitely thick, uniform substrate. The electron intensity as a function of depth is shown 
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schematically in Figure 2.8. Through the manipulation of the Beer-Lambert relationship, the overlayer 
thickness of a thin film can be determined. (Watts and Wolstenholme, 2003) 
 
Figure 2.8: Electron intensity as a function of depth, the horizontal dashed line indicates a 
distance from the surface of the attenuation length (λ). After Watts and Wolstenholme, 2003. 
Haack et al. (1993) devised an XPS mapping technique to define the interfacial chemistry of adhesive-
adherend debonding and to identify corrosion-induced bond failure for electrogalvanized steel 
bonded with an epoxy adhesive. XPS elemental maps were produced considering an analysis region 
125 mm x 25.0 mm across the bond failure on both corresponding surfaces, with a spatial resolution 
of 0.4 mm x 0.8 mm. Elemental maps were produced by analyzing a series of small-spot-size points in 
an array. Through interpretation of the C, C1, and Zn species maps, the locus of interfacial bond failure 
was concluded to be mainly between the anodic corrosion products and the Zn substrate.  
In order to understand how the composition of a thin-layer specimen varies from the surface to the 
bulk material, a depth profiling technique within XPS can be undertaken. A focused beam of ions is 
used to etch the surface of the material and thus gradually expose layers of the material at increasing 
depths. Depth profiling by ion sputtering is inherently a destructive form of analysis as it causes an 
irreversible change to the specimen. An important aspect to consider when depth profiling materials 
is the kinetic energy of the ions that bombard the specimen, as this parameter governs the rate at 
which material is removed. The kinetic energy of ions in a conventional or monatomic ion beam is 
taken as the energy of the beam. For example, a 3 keV beam will mean that each of the individual 
ions, and therefore atoms, will have a kinetic energy of 3 keV each. If a cluster ion source is used, this 
beam energy is subsequently divided between the atoms present in the cluster. This means that each 
of the atoms in a cluster ion will have a far lower kinetic energy than a monatomic beam of the same 
energy; for example, a 3 keV beam of Ar1000+ ions will have an energy per atom of 3 eV. Cluster ion 
beams are therefore appropriate to etch soft organic materials such as polymers without causing 
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significant damage to the chemistry of the material. For a detailed explanation concerning the effects 
of depth profiling both organic and inorganic materials using both monatomic Ar+ and cluster Arn+ ions, 
the reader is directed to Simpson (2017).  
Cumpson et al. (2013) developed a method of sputter rate measurement based on a combination of 
contact masking and white-light interferometry and presented measured sputter rates for 19 
polymers widely used in engineering applications. Sputter rate investigations were undertaken using 
a Thermo Scientific monatomic and gas cluster ion source (MAGCIS) gun to produce a 4 keV beam of 
Ar1000+ ions. It was found that sputter rates varied significantly between different polymers, for 
example, the sputter rate of PMMA being more than ten times that of PEEK.   
Atomic force microscopy is a technique that can be used to determine the surface roughness of a 
sample by considering the displacement of a sharp needle-like probe on the end of a cantilever, as 
measured by the change in signal of a reflected laser beam onto a split photo-diode. As the probe and 
cantilever is rastered across the surface, it bends in response to the force between the tip and the 
sample, obeying Hooke’s law as it undergoes small displacements. Through measuring the differences 
in the signal intensity as measured on different regions in the split photo-diode, a 3D image of the 
surface can be determined, and can provide sub-Ångstrom accuracies in displacement (Stolojan, 
2014). There are three typical modes of AFM operation: contact mode, where the tip interacts with 
the surface physically, and is illustrated schematically in Figure 2.9; non-contact mode, where the 
cantilever oscillates close to the sample surface but without making contact; and tapping mode, where 
the cantilever oscillates and the tip makes repulsive contact with the surface of the sample at the 
lowest point of the oscillation. For soft samples such as polymers, AFM is typically used in tapping 
mode (Magonov and Whangbo, 1996). 
 
 
Figure 2.9: A schematic diagram illustrating the atomic force microscopy (AFM) technique. 
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2.5 Surface Pre-Treatments 
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Non-optimal or insufficient surface pre-treatments are most likely the predominant reason why 
adhesive bonds fail. Indeed, much like patching a puncture on a bicycle inner tube, any contamination 
present at the bond site can reduce the overall performance of the bond and cause an early failure. It 
is therefore of great importance to remove surface contamination prior to adhesive bonding. Surface 
treatment of an adherend surface can improve the adhesive bond strength through three 
mechanisms: by removing the contaminant or weak boundary layers; by modifying the surface 
chemistry of the adherend through the introduction of new chemical groups; and by changing the 
surface geometry to increase mechanical interlocking. (Comyn, 1997). Current surface preparation 
techniques, such as mechanical abrasion through grit blasting, the use of solvents to degrease the 
adherend, flame and corona treatments are discussed in the following section. 
Atmospheric plasma treatment methods can be implemented to activate the surface of a polymer 
matrix composite prior to bonding. As this procedure can increase the efficacy of an adhesively 
bonded joint between polymer matrix composites (PMCs), it is a topic of great interest to BAE Systems. 
The characteristics of a post-plasma treated specimen, exposure limits for the optimisation of the 
plasma treatment process, and alternative feed gases are discussed in the following sections. 
2.5.2 Established Surface Preparation Techniques 
Cleaning the surface using solvents can be an effective way of completely removing the presence of 
contaminants, however they can be imprecise and could give rise to secondary contamination events 
if care is not given. Alongside the fact that this technique is time consuming for the operator, health, 
safety and environmental considerations must be taken into effect. (Hollaway and Leeming, 1999). 
Mechanical abrasion techniques such as grit blasting and polishing can be used to remove 
contaminants by ablation using friction. However, they can lead to fibre damage and secondary 
contamination events as the abrading material embeds into the matrix, or through spreading the 
contaminant across the surface (Fischer et al., 2012; Njuhovic et al., 2013). 
Corona and dielectric barrier generation techniques produce non-equilibrium plasmas with gas 
temperatures in the order of 50-400°C, however have been found to produce non-uniform discharges. 
Corona treatments are similar to atmospheric plasma treatments, which are discussed at length in the 
following sections, in that both techniques use high voltage electrodes to ionise gases. However, in an 
atmospheric plasma treatment the overall plasma density is much higher which increases the rate of 
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ion bombardment of the surface, and in turn may result in a more effective surface treatment 
(Goldman and Sigmond, 1982; Eliasson and Kogelschatz, 1991; Kruger, 1989). 
Contact angle measurements can be used to measure the polar (denoted by γsp) and dispersive 
(denoted by γsd) components of surface free energy (denoted by γs). Table 2.3 shows the variation of 
surface free energy components of a graphite/epoxy composite after being subjected to an O2 plasma 
etch, and three different grit-blasting procedures (Boerio et al., 2007). The alumina grit blasting 
procedure increased the dispersive surface energy component significantly and yielded an increase in 
the polar surface energy component. The garnet grit blasting procedures both increased the polar 
surface component significantly but decreased the dispersive surface energy component, however a 
net increase in surface energy was obtained. The O2 plasma etch yielded the highest increase in the 
polar component of the surface energy. Despite the slight reduction in the dispersive component, the 
O2 plasma etch yielded the highest total increase in surface energy. 
Table 2.3: dispersive and polar components of the total surface energy of graphite/epoxy 
composites as a function of surface engineering processes. After Boerio et al., 2007. 
Surface engineering 
process 
Surface energy 
γsd (mJ/m2) γsp (mJ/m2) γs (mJ/m2) 
None 34.1 2.6 36.7 
Grit blast (220 grit 
alumina) 
41.0 9.6 50.6 
Grit-blast (80 grit 
garnet) 
28.7 20.0 47.8 
Grit blast (220 grit 
garnet) 
29.2 22.0 51.2 
O2 plasma etch 31.8 27.6 59.4 
 
The incorporation of a peel-ply within the composite part manufacturing process is a further method 
to mitigate contamination present at an adhesive substrate for structural bonding. A peel-ply is 
typically a thermoplastic fabric incorporated in the ply lay-up at the surface of a composite part that 
is removed directly before adhesive application to reveal a theoretically pristine and repeatable 
surface suitable for bonding. Holtmannspötter et al. (2013) considered the surfaces of carbon fibre-
reinforced composites (Hexcel 8552/IM7) manufactured with five peel plies and a release foil made 
of polytetrafluorethylene (PTFE) through AFM, SEM, and XPS surface analytical techniques. However, 
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it was found that release agent contamination inherent within the peel-ply itself was detected on 
three out of the five the peel-ply surfaces, and only one peel-ply resulted in good adhesive bond 
performance. It was concluded that a secondary cleaning procedure was required to yield a surface 
appropriate for structural bonding. 
2.5.3 Atmospheric Plasma Treatment of Composite Surfaces 
If a gas is given enough thermal energy or the environmental pressure is reduced enough, it enters a 
regime where the thermal energy of the comprising particles overcome the electrostatic forces that 
would normally bind the electrons to its parent nuclei and dissociate from each other to form an 
ionised phase called plasma. In an atmospheric plasma treatment (APT) there are a number of ways 
to generate plasma. Long-established plasma generation techniques, such as plasma arcs and torches, 
have high gas temperatures exceeding 3000°C, and are more suitable for metallurgical uses (Fauchais 
and Vardelle, 1997; Smith et al., 1989). Vacuum or low-pressure plasma systems also have their merits, 
and can achieve beneficial surface properties, however require batch processing of components and 
therefore have a bottleneck in their throughput capability. Low pressure plasma systems also have 
the additional cost of maintaining a vacuum during plasma treatment. (Rossi et al., 2009). APTs have 
developed over the years and are becoming more robust with single electrode designs (Winter et al., 
2015). A plasma plume is generated by blowing a feed-gas at atmospheric pressure across an electric 
arc in order to excite the gas and create ionised species. This plasma plume is then rastered across the 
adherend surface to create adhesion-promoting functional groups at the surface, and ablate 
contaminant present (Plasmatreat, 2013; 2017).  
For any APT feed gas composition, there are three competing processes that simultaneously alter the 
surface, which depend on the chemistry and process variables: ablation, crosslinking and activation 
(Finson et al., 1995). Ablation is similar to an evaporation process; bombardment of the surface by 
energetic particles and radiation causes polymer chain scission, and volatile oligomers and monomers 
boil off. Crosslinking occurs when an inert process gas (e.g. Ar, He) is implemented. Bond breaking 
through chain scission on the polymer surface occurs, but due to the absence of free radical scavenger 
particles in the plasma, the chains form bonds with nearby free radicals on different chains, and 
subsequently a crosslink bond. Activation is a process where surface polymer functional groups are 
replaced with different atoms/functional groups from the plasma. As with the above two processes, 
energetic particles cause chain scission to occur, however the plasma contains high energy UV 
radiation, and creates additional free radicals on the polymer chain, or interacts with free radical 
species present at the surface to form stable atoms/functional groups. It is activation that is thought 
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to be the desirable process when plasma treating an uncontaminated PMC surface, and ablation to be 
desired when removing contaminants (Finson et al., 1995). 
An investigation was undertaken by Law et al. (2014) into the ability of an air-based atmospheric 
pressure plasma jet to remove a 5-8 nm thick layer of Frekote 710-NC release agent layer from the 
surface of a carbon fibre epoxy composite prior to bonding. Also considered was the plasma 
treatment’s ability to activate the surface in order to increase bond strength. A PlasmaTreat Open Air® 
system was chosen, which used dry and filtered compressed air as the feedgas, which was blown over 
an electric arc to create an ionised working gas. Optical emission spectroscopy (OES), a technique used 
to measure the change in wavelength of the excited particles to determine the gas temperature, 
determined the temperature of the PlasmaTreat system to be 1700K. In this study, the treatment 
frequency was set to 23 kHz, 80% voltage, 80% plasma cycle time, and 3000 mbar air pressure. All 
treatments were administered with a plasma head raster speed of 30 mm/s, and a step size of 2 mm. 
Mechanical tests of lap shear joints to determine how the presence of release agent affected the shear 
strength were undertaken. Nine test groups of six coupons were subjected to various pre-bond 
conditions. This included (i) as-received coupons that were subjected to plasma cleaning treatments 
with stand-off distances at 19, 16, and 14 mm respectively; (ii) Frekote contamination present at the 
surface; (iii) Frekote contaminated specimens that were then wiped with a methanol soaked cloth; 
(iv) Frekote contaminated coupons that were subjected to plasma cleaning treatments with stand-off 
distances at 19, 16, and 14 mm respectively; and finally (v) as-received panels that were grit blasted 
with 50 µm grit aluminium oxide. The methanol wipe and grit blasting conditions were included to 
simulate typical industry standard techniques for cleaning and preparing adherends prior to bonding. 
Frekote contaminants applied to coupons were allowed to air dry for one hour before bonding.  
Figure 2.10 shows the lap-shear strengths of the various test conditions. The green bars represent 
conditions where the substrate surface was plasma cleaned or had contamination removed, the red 
bars represent conditions where contamination was not removed, and the blue bars represent 
conditions where surface ablation was observed under scanning electron microscopy. 
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Figure 2.10: lap-shear strengths of the various test conditions. After Law et al., 2014. 
The results showed that the Frekote 710-NC contamination and Frekote 710-NC contamination 
plasma treated at 19 mm conditions exhibited a low extension to failure when loaded, and visibly 
failed in the interfacial mode. This was evidence suggesting that there was poor adhesion between 
the substrates. The Frekote 710-NC methanol cleaned, Frekote 710-NC plasma treated at 16 mm 
stand-off distance and composite plasma cleaned conditions at 19 and 16 mm stand-off distance 
conditions yielded typical extension to failure when compared to the as-received condition. These 
conditions exhibit a partial composite delamination mode of failure. The plasma cleaned at 14 mm, 
Frekote 710-NC contaminated and plasma cleaned at 14mm stand-off distance and grit blasted 
conditions were found to exhibit surface ablation, revealing the weave architecture after the 1 µm 
surface layer of resin was removed. These conditions yielded the higher lap joint shear strength, with 
a mixture of failure modes observed, including cohesive failure and substrate delamination. Figure 
2.11 show a series of photographs of the specimens after lap-shear testing with varying modes of 
failure. Figure 2.11 (a) shows uncontaminated specimens as a function of plasma treatment gap height 
(test cases 1 to 3), all of which appear to have failed cohesively. Figure 2.11 (b) shows samples that 
were contaminated with Frekote 710-NC as a function of plasma treatment gap height (test cases 4, 
and 6 to 8). It can be seen that the Frekote specimens have regions devoid of adhesive residue typical 
of an interfacial failure mode. 
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Figure 2.11: Photographs of specimens after lap-shear testing. (a) shows uncontaminated 
specimens as a function of plasma treatment gap height; (b) shows samples that were 
contaminated with Frekote as a function of plasma treatment gap height. After Law et al., 2014. 
To conclude, multiple investigations in the literature (Notably, Law et al., 2014) have proved 
successfully that plasma treatments can effectively reduce the deleterious effect of contamination at 
an adherend’s surface. Plasma treatments can not only attain similar levels of strength and toughness 
when compared to virgin samples, but also increase the mechanical performances. However, there 
appears to be little research into the effects that a plasma treatment has on the surface chemistry of 
carbon fibre / epoxy resin systems in significant detail, and consequently the mechanisms as to how 
the improvements in strength occur should be investigated. 
2.5.4 Characteristics of Post-Plasma Treated Composites 
There has been comparatively little research into the degradation over time of the effects of treating 
a thermosetting epoxy matrix composite surface with an atmospheric plasma treatment, however 
studies have considered low-pressure plasma systems and thermoplastics extensively. For example, 
the degradation of the surface free energy of resin impregnated carbon fibre laminate specimens after 
being subjected to low-pressure plasma treatments in different process gases was investigated by 
Ellingboe et al. (2011). After a 30 second exposure to a 100mTorr, 500W plasma treatment, it was 
found that oxygen containing process gases modified the specimen’s surface to improve its 
hydrophilicity. High surface free energy surfaces were found to degrade in air in periods of hours to 
tens of hours. Samples in a pressurised helium environment showed similar degradation, 
demonstrating that degradation is caused by chemical relaxation internal to the surface, not due to 
passivation of surface-active sites. Figure 2.12 shows the degradation of surface energy, measured as 
WCA as a function of time elapsed post-treatment. 
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Figure 2.12: Degradation of surface energy of CFRP specimen as shown by WCA as a function 
of time elapsed post-treatment. Adapted from Ellingboe et al., 2011. 
A study by Lim et al. (2002) considered the degradation mechanisms, surface potential decay, and 
surface resistance of GFRP specimens after being subjected to a plasma treatment. Prior to treatment 
the untreated specimen was found to exhibit weak hydrophobicity, with a measured water contact 
angle (WCA) of 73°. A number of treatment times were considered, ranging from one hour to four 
hours. Post-plasma treatment, the WCA was reduced to 20° by a four-hour treatment. It was found 
that carboxyl radicals were the most common species generated at the surface during the plasma 
treatment; due to the presence of these carboxyl groups the specimen became hydrophilic. 
The presence of various functional groups that arise on a polyethylene surface as a consequence of 
being subjected to several inert feedgas APTs was investigated by Birer (2015). The APTs investigated 
used helium, helium/nitrogen mix, argon, argon/nitrogen mix, and oxygen doped feedgasses. Surface 
chemical data was collected using a Thermo Scientific K-alpha X-ray spectrometer using the snap-shot 
data acquisition mode. A series of snap-shot maps, or snap-maps were then produced at intervals of 
1 minute, 5 minutes, and 10 minutes after treatment to examine how each APT produced different 
reactivity zones of the functional groups, and how they vary over time. An example of the XPS snap-
mapping technique displaying the surface concentration of various functional groups present on 
polyethylene as a result of being subjected to a Helium feedgas APT and how they evolve over one to 
five minutes is shown in Figure 2.13. In this Figure, red refers to a high surface concentration of the 
respective functional group, whilst blue refers to a low surface concentration. 
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Figure 2.13: Surface concentration of various functional groups present on polyethylene as a 
result of being subjected to a Helium feedgas APT at (a) 1 minute and (b) 5 minutes after 
treatment. After Birer, 2015. 
In order to understand how the ablation mechanism of an APT causes surface topological features on 
carbon fibre / epoxy composites, comparisons can be made with another widely used surface pre-
treatment, i.e. grit blasting. Table 2.4 shows several sources that have investigated pre- and post 
treated surfaces, with surface parameters measured by atomic force microscopy (AFM). As each 
investigation used different roughness measurement post-processing procedures (Ra is the arithmetic 
average of absolute values of deviation from mean line, RMS is the root mean square average of 
profile height deviations from mean line), for ease of comparison, the percentage change in surface 
roughness is given. It can be seen that the grit blasting mechanism increases the surface roughness 
considerably, and mechanical performance improvements are likely due to the increase in the 
mechanical interlocking of the adherend and adhesive (Njuhovic et al., 2013). The low-pressure 
plasma treatment (Borooj et al., 2016) and atmospheric plasma treatments gave a mild increase in the 
surface roughness of thermoplastics (Lommatzsch et al., 2007), however in some cases reported a 
smoothing effect (Noeske et al., 2004), and is suggested to be due to localised surface melting as a 
consequence of treatment. Although one investigation considered the surface roughness of a carbon 
fibre / epoxy system subjected to an APT which yielded a significant increase in surface roughness 
(Zalvidar et al., 2012), to the best of the author’s knowledge there is no further information on carbon 
fibre / epoxy systems.  
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Table 2.4: Pre- and post treatment surface roughness values for substrates subjected to grit 
blasting (GB), low pressure plasma treatment (LPPT) or APT. 
Reference Substrate 
(treatment) 
Pre-
treatment 
roughness 
Treatment 
parameters † 
Post 
treatment 
roughness 
Change in 
roughness 
(%) 
Njuhovic et 
al., 2013 
Carbon fibre 
epoxy (GB) 
0.3 ± 0.07 µm 
(Ra) 
S/O = 300mm 
t = 3 s 
1.56 ± 0.26 µm 
 
520 % 
   S/O = 300mm 
t = 9 s 
5.33 ± 0.61 µm 
 
1776 % 
   S/O = 500mm 
t = 3 s 
1.16 ± 0.29 µm 
 
386 % 
   S/O = 500mm 
t = 9 s 
3.84 ± 0.42 µm 
 
1280 % 
Borooj et al., 
2016 
Carbon fibre 
(LPPT) 
8.4 nm 
(Ra) 
S/O =? 
t = 60 s 
12.6 nm 150 % 
Lommatzsch 
et al., 2007 
Polyethylene 
(APT) 
9.1 nm 
(RMS) 
S/O = 3 mm 
t = ? 
Air plasma 
14.3 nm 157 % 
   S/O = 3 mm 
t = ? 
Nitrogen plasma 
11 nm 121 % 
Noeske et 
al., 2004 
PET 
(APT) 
81 nm 
(RMS) 
S/O = 3mm 
Vraster =100 
m/min 
26 nm 32 % 
 PVDF 
(APT) 
10 nm 
(RMS) 
S/O = 10 mm 
Vraster = 100 
m/min 
8 nm 80 % 
Zalvidar et 
al., 2012 
Graphite 
epoxy (APT) 
13 nm 
(RMS) 
S/O = 1 mm 
Vraster = 24.5 
mm/min 
110 nm 846 % 
† S/O = stand-off distance, t = treatment time, Vraster = raster head speed. 
An investigation into the effect of low energy ions from a nitrogen plasma treatment on the surface 
modification of polycarbonate film substrates which was undertaken by Qureshi et al. (2010). The 
polycarbonate films were subjected to nitrogen gas plasma treatments of increasing plasma fluence, 
and then characterised post treatment through micro-hardness testing (using a Vickers micro-
hardness indenter), optical micrograph / atomic force microscopy (AFM), X-ray photoelectron 
spectroscopy (XPS) and Fourier-transform infrared (FTIR) spectroscopy. It was found that as the 
plasma fluence increased, the average surface roughness increased from 5.9 nm pre-treated to 42.7 
nm for a test specimen subjected to a fluence of 1015 ions.cm-2. It was also found that as the plasma 
fluence increased, the surface hardness increased, and was concluded to be as a result of increased 
crosslinking at the surface. Figure 2.14 shows how the Vickers micro-hardness varied with applied load 
for various plasma fluence cases.  
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Figure 2.14: Vickers hardness versus applied load for untreated and plasma treated 
polycarbonate films. After Qureshi et al., 2010. 
An investigation into the effect of atmospheric pressure plasma treatments on the mechanical 
properties of co-cured composite joints was undertaken by Mohan et al. (2015). The surface of 
composite pre-preg samples were subjected to atmospheric pressure plasma treatment utilising three 
different gas mixtures; He, He/N2, and He/O2 at a stand-off distance of 2 mm. Processing parameters 
were varied in order to obtain the maximum increase in surface energy of the pre-preg substrate. It 
was observed through sessile drop analysis that the He/O2 plasma treatment was the most efficient 
in achieving this, giving the largest increase in surface energy in the shortest time. Figure 2.15 shows 
the surface free energy of the pre-preg substrate as a function of treatment time for the three feed 
gas conditions. The retention of surface energy of the pre-preg was also considered and was 
characterised through WCA. It was found that the He/O2 was the most effective at retaining surface 
energy. Co-cured joints were then fabricated using pre-preg that had been treated with the three 
plasma types. Double cantilever beam tests were performed on the specimens, and an increase of 15-
18% in the mode 1 fracture-toughness was observed when compared to untreated specimens.  
Figure 2.16 shows the mode 1 fracture toughness of a co-cured joint that had been subjected to He/O2 
plasma prior to bonding. Figure 2.17 shows the change of WCA as the time after treatment increased. 
From the results it was concluded that after a short treatment time, there is no further increase in 
surface free energy. It was also concluded that multiple passes of treatment can reduce the mode I 
fracture toughness, which suggested that overexposure can have a negative effect on mechanical 
performance. Finally, it can be seen that the water contact angle increased as time after the plasma 
treatment increased, and is evidence suggesting that the plasma treatment effects degrade 
immediately after treatment, however stabilise at about 30 minutes for the helium and 
helium/nitrogen mixes, and after about 60 minutes for the helium/oxygen mix. 
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Figure 2.15: Surface energy as a function of treatment time for each of the three gas conditions. 
After Mohan et al., 2014. 
 
Figure 2.16: Mode 1 fracture toughness of He/O2 plasma treated co-cured joint as a function of 
treatment time. After Mohan et al., 2014. 
 
Figure 2.17: WCA decay as a function of time after treatment for each of the 3 gas conditions. 
After Mohan et al., 2014. 
2.5.5: Exposure Limits and Plasma Treatment Time Optimisation for PMCs 
Investigations undertaken by Sun et al. (2019) considered the effects of varying the intensity of an APT 
on the lap-shear strength of adhesive-bonded carbon fibre/epoxy resin composite joints by altering 
the plasma head stand-off distance and plasma head raster speed. Their results showed that the lap-
shear strength of plasma-treated CFRP joints increased to a peak value of about 32 MPa (compared 
to about 9 MPa for the as-received adhesive-bonded CFRP joints) and then decreased as the plasma 
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head stand-off distance increased. In addition, they found that the joint strength achieved at a set 
plasma head stand-off distance varied with the applied plasma head raster speed, thus concluding 
that to reach a peak strength value, both the plasma head raster speed and stand-off distance need 
to be optimised. 
Treatment time optimisation was undertaken for a hybrid carbon fibre/PEEK thermoplastic composite 
treated in a low temperature environment with oxygen feed gas in a study by Jang and Kim (1997). 
SEM, XPS and FTIR-ATR (Fourier transform infra-red attenuated total reflection) were used to 
characterise the surface roughness and functionality of the CF/PEEK composite surface. SEM 
micrographs shown found plasma treatment increased the roughness of the CF/PEEK composite 
surface up to three minutes, after which the prolonged treatment resulted in an overall smoothing. 
XPS results found that surface functionality, as measured by the increase in peak intensity for oxidised 
carbon species, increased up to about five minutes, and then decreased. Flexural strength and 
interlaminar shear strength of the CF/PEEK composite were measured. Maximum values were 
observed at a plasma treatment time of three minutes, as a result of surface roughening by plasma 
etching. Figure 2.18 shows (a) the flexural strength, and (b) the interlaminar shear strength as a 
function of plasma treatment time, showing that an optimal treatment time exists at around 3 minutes 
of treatment. 
 
Figure 2.18: Flexural strength (a) and Interlaminar shear strength (b) of the CF/PEEK 
composite as a function of plasma treatment time. After Jang and Kim, 1997. 
An investigation into the effect of atmospheric pressure plasma treatment using argon as a feed gas 
on the surface activation of a polyethylene substrate was undertaken by Van Deynse et al. (2015). The 
applied power and argon flow rate were varied for different test conditions and the surface free 
energy of the polyethylene substrate was measured using WCA. It was observed that as the argon 
flow rate increased, the surface wettability increased up to about 1 to 1.3 litres per minute, and then 
decreased, suggesting an optimal gas flow rate. It was also observed that as the discharge power of 
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the plasma treatment was increased, the concentrations of all oxygen containing functional groups 
and the wettability increased. As the argon flow rate was increased up to 1.3 litres per minute, O-C=O 
functional groups were found to be the most prolific functional group. However, a further increase in 
argon flow rate yielded a decrease in all oxygen containing functional groups. Interestingly, it was 
observed that if there was an increase in turbulence in the gas flow, there was an observed shorter 
plasma gas sheath length, and subsequently lower wettability of the polyethylene substrate was 
observed. Figure 2.19 shows the WCA as a function of argon flow rate for various discharge power 
values, showing the optimal argon flow rate found to be at 1 to 1.3 litres per minute. 
 
Figure 2.19: Water contact angles as observed on a polyethylene surface subjected to various 
plasma treatment discharge power and flow rate conditions. After Van Deynse et al., 2015. 
2.5.6 Summary 
Studies into plasma treatment have considered numerous aspects the effects they produce on 
polymeric composites. Thermoplastic polymers have been extensively researched, and there have 
been optimal plasma treatment intensities found for these polymers. Studies have separately 
reported an increase in oxygen containing species, and studies that have reported increases in 
mechanical performance for thermosetting resins as a result of optimisation of the plasma treatment 
intensity. However, to the best of the authors knowledge, there has yet to be research that links the 
changes in surface chemistry through consideration of the increase in surface functional groups of 
plasma treated epoxy resin systems to a respective increase in mechanical performance or elaborated 
on the mechanisms as to why this occurs. There has also been little research into the mechanisms that 
cause a degradation in water contact angle as the time after plasma treatment increases. A thorough 
investigation of the atmospheric plasma treatment of carbon fibre / epoxy resin is therefore needed. 
In the following section, the topic of the literature review changes to the second major issue of the 
thesis, i.e. the mechanical testing of structural elements, and the subsequent validation of finite 
element models. 
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2.6 Mechanical Testing of Structural Elements 
2.6.1 Introduction 
The ability to effectively model composite structures and how they perform under load has been a 
topic of interest within aerospace design for quite some time. Through computational modelling, the 
need for expensive mechanical testing is reduced, which in turn reduces the cost of the design cycle 
of an aircraft. However, some mechanical testing must be undertaken to validate the models, and 
consequently the ability to obtain experimental data that can inform design engineers about the 
validity of the model is a requirement. Whilst strain gauges provide accurate data suitable for 
validation, they take time to mount to the surface of a test specimen and can only give information 
about the location of the gauge. One method of obtaining strain data across a structural element is 
the digital image correlation technology and is the subject of focus for the following section following 
an introduction to the structural element that was tested. 
2.6.2 T-Shaped Structural Elements 
When designing airframes, mechanical testing is undertaken at increasing levels of complexity to 
validate computational modelling. The testing phase typically follows a testing pyramid, as presented 
in Figure 2.20, which show that larger components of the airframe can be broken down into simpler 
sub-components, details, elements, and finally test coupons. Initial coupon testing is undertaken to 
generate material data that can be fed into early computational models. As the complexity of the test 
specimen increases to that of a structural element such as a T-section or I beam, the load paths 
through the test specimen also become more complicated, and therefore the ability to characterise 
the onset and development of failure. 
 
Figure 2.20: Testing pyramid for composite structures. After Baker et al., 2004. 
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Within a wing, the main subcomponents are the outer skin, which is reinforced by spars along the 
wingspan, and by ribs along the chord profile. Both the spars and ribs often take the form of I-beams, 
which can in turn be further simplified into more generic T-sections, or T-Joints if the element is 
comprised of a flange that is adhesively bonded to a skin section. The tensile loading of a T-joint 
structural test element normal to the skin section is of interest to BAE Systems, and thus this section 
considers literature pertaining to the mechanical testing and modelling of this type of test element. 
There are a number of studies concerning the FE analysis of T-Joints (Bianchi et al., 2012; Wang et al., 
2015; Wang and Soutis, 2016), and the experimental testing of such elemental structures to determine 
failure modes and the initiation of delaminations, failure is almost always initiated at the joint’s corner 
due to the maximum stresses developed in this region (Shenoi and Hawkins, 1992; Wang and Soutis, 
2018). Of particular interest here is the work undertaken by Orifici et al. (2008), which considered IM7 
/ Hexcel 8552 carbon fibre unidirectional pre-preg T-Joints subject to both tensile (pull) and 
compressive (push) loads normal to the flange stiffener section. Figure 2.21 shows the specimen 
geometry and ply lay-up of the T-Joints (not shown is the width dimension, which was 25 mm). The 
testing was compared to FE models of the T-sections. Delaminations were predicted to initiate at the 
edge of the flange stiffener / skin corner interface when the T-Joint was loaded in pull mode, and at 
the core deltoid region (where the two flange halves meet and join to form a web, labelled core in 
Figure 2.21) within the flange when loaded in push mode. The delamination failure index, which was 
used to indicate where the failures were predicted to initiate from can be seen in Figure 2.22. This was 
found to match well with where the failures were observed.  
 
Figure 2.21: Specimen geometry and ply lay-up of T-Joints. After Orifici et al., 2008. 
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Figure 2.22: Delamination failure index at first failure. (a) Tensile test, delamination observed 
at flange stiffener / skin corner interface. (b) Compression test, delamination observed in deltoid 
region of flange. After Orifici et al., 2008. 
2.6.3 Digital Image Correlation 
As indicated above, strain gauges provide only a local measurement of strain. Digital image 
correlation, or DIC, is a photographic technique that takes a series of pictures of a high-contrast, non-
uniform, patterned test specimen at set increments in time whilst subjected to a loading regime, and 
records data over the full surface of the specimen. Each image will have unique regions to the 
specimen, identified by the local pattern. The image sequence is then processed to determine the 
local deformation of each unique region, or subset, to produce global strain contours. A typical 
method of applying a speckle pattern to a test coupon is by using spray paints, which have particle 
sizes in the order of 1-100 µm (Sabty-Daily et al., 2005). A white base coat is applied, and a contrasting 
black paint is applied at some distance away from the coupon to achieve a randomly distributed 
pattern of speckles. The speckle size is important to consider as it limits the spatial resolution by 
dictating the smallest possible subset size (Reu, 2015). An important feature of the DIC technique is 
the programme used to track changes in the speckle pattern. For the work in this thesis, software and 
hardware from Correlated Solutions Inc. was used. VIC 3D software tracks points on the randomly 
distributed speckle pattern by overlaying a grid across each image, such that each constituent square, 
or subset, contains a unique speckle pattern and subsequently a unique tracking point. In the analysis, 
subsets are overlapped by the step size parameter in order to create a dense analysis mesh. Current 
software versions use a default subset size of 29, and a default step size of 7, meaning that an area of 
29 x 29 pixels is tracked, for every 7 pixels.  A larger subset will contain more information, meaning 
the differences between subsets are more apparent, which reduces the uncertainty. However, a 
smaller step size also means there will be more data points to track, and therefore longer analysis run 
times. (Byrne et al, 2016). Figure 2.23 shows a schematic diagram of two subsets that are overlapped 
by one step size.  
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Figure 2.23: Schematic diagram showing the subset and step size. 
Each subset corresponds to one data point in the analysis and displays the data recorded at the centre 
of the subset. However, a gap of one half of the subset size arises at the edge of the specimen. In order 
to reduce this loss of edge data, a smaller subset size is required. Figure 2.24 shows a schematic 
diagram of a processed area of interest (AOI). This shows how an edge region where no strain data is 
reported arises. The VIC 3D software used has a built-in toolbox and suggests a subset size for the 
speckle pattern applied to the sample to be analysed.  
 
Figure 2.24: Schematic diagram displaying a processed area of interest, and how the edge 
region arises. 
A further overview of the digital image correlation technique, and commentary on speckle application 
and subset size is given by Sutton et al., (2009). Kumar et al. (2013) used the DIC technique to identify 
kissing bonds (discussed previously in § 2.3.4) in composite adhesive lap-shear joints. Work 
undertaken to consider the comparison of experimentally obtained DIC results to FE models of 
adhesively bonded patch repairs concluded a good agreement between the two (Kashfuddoja and 
Ramji, 2013). The failure mechanisms in UD carbon/epoxy resin composite laminates tested in tension 
to failure in the fibre direction was investigated using 3D DIC by Schorer and Sause (2015) and 
compared to 3D models produced in the Comsol Multiphysics FE package, which can be seen in  
Figure 2.25. Whilst the DIC (Figure 2.25 a) can be seen to exhibit regions that vary slightly across the 
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panel, the FE model (Figure 2.25 b) accurately predicted the experimentally observed strain, and a 
good match was found. 
 
Figure 2.25: (a) DIC strain contour and (b) FE analysis of a CFRP panel with an embedded 
delamination defect one ply below the surface loaded under a tension of 695 MPa. After Schorer 
and Sause, 2015. 
Sabastian et al. (2017) matched the DIC strain measurements of a composite pi/T-Joint as loaded 
parallel to the web section (pull loading mode) to a finite element simulation produced in ABAQUS 
using an adhesive layer modelled using cohesive zone elements. Good agreement was found between 
the experiment and simulation for the strain field and the predicted failure was within 10% of the 
experimental result. 
An investigation into the size effects of a virtual strain gauge on the precision of the DIC strain acquired 
through the mechanical testing of a woven glass fibre / epoxy resin composite was undertaken by 
Trevisan (2017) to determine the minimum areal value from which a virtual strain gauge provides 
reliable strain values. It was concluded that one weave unit cell was the smallest area possible to have 
reliable results by randomly positioning the virtual strain gauge. Using smaller areas resulted in an 
increase in the scatter, although the measures average retained similar values invariant of size. The 
position of where the virtual strain gauge was located on the specimen also found to have an effect 
on the result when using smaller virtual strain gauges. 
2.7 Concluding Remarks 
This Chapter has presented an introduction to the adhesive bonding of composites and the issues 
concerning the presence of contamination at the adhesive bond line. It introduces current and 
emerging pre-bond inspection technologies, and a review of atmospheric plasma treatments as a pre-
bond surface treatment. In addition, the use of digital image correlation as a technique to obtain data 
suitable for the validation of FE models of structural elements has been discussed. 
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The literature shows that contamination can reduce the mechanical performance of an adhesively 
bonded structure, and that release agents are by far the most detrimental to bond strength. Two 
technologies of interest that show production line integration potential have been identified, namely 
aerosol wetting testing and optically stimulated electron emission, and the literature suggests that 
both techniques can detect the presence of silicone-based release agents on a composite surface. 
APTs show promise as a pre-treatment, with evidence suggesting their ability to increase the surface 
roughness if parameters are optimised. There is a lack of literature concerning the ablative ability of 
plasma treatments when applied to thermosetting polymers, which highlights an opportunity for 
innovative work to be undertaken. There is evidence to suggest that APTs can increase the amount of 
chemical anchoring points at a surface, due to the promotion of oxygen-rich functional groups. This in 
turn suggests that polar and dispersive adhesion increases and is reinforced by literature concerning 
the effects on APTs on surface free energy. Work undertaken in this thesis will consider the effects 
that an atmospheric plasma treatment has on a carbon fibre/epoxy resin composite, focussing on high 
resolution surface chemistry changes with the intention to elucidate the mechanisms that cause a 
degradation in water contact angle as the time after treatment increases. Further, it will investigate 
the changes in surface chemistry that an atmospheric plasma treatment causes to a surface 
contaminated with a silicone-based release agent as an area of novel research. 
Literature concerning the modelling and structural testing of T-Joints subjected to a tensile load 
normal to the skin can yield good agreement when considering the load-extension curves, and FE 
models have had reasonable success in predicting failure. Digital image correlation is an emerging 
technology of interest to BAE Systems and will be used here to monitor the progress to failure of T-
Joints. The results will be compared with an existing FE model developed by the University of Bristol. 
Hence, the work to be described in the thesis focusses on (i) the potential benefits of atmospheric 
plasma treatment (APT) for bonded thermosetting composite components and (ii) the 
characterisation of the fracture of a bonded T-Joint using the DIC technique. Both topics are of interest 
to BAE Systems. 
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Chapter 3  
Wide-Area Surface Cleanliness 
Measurement Techniques 
3.1 Introduction 
When joining materials with adhesives, the quality and performance of the adhesive bond can be 
affected by the surface condition. When manufacturing composite structural components that require 
the use of a mould to form the desired shape, release agents are used to enable the removal of the 
cured components from a mould, which have been found to be detrimental to adhesive bond strength 
if not removed. Additional contamination can occur during the manufacturing process as the 
component is handled. As conventional NDT techniques such as ultrasound, laser shearography, and 
pulsed thermography struggle to resolve microcracks within a composite matrix and subsequently 
within adhesive bonds (see § 2.3.3), wide-area surface cleanliness measurement techniques are 
required to detect the presence of contamination at the bond line prior to adhesive application, so as 
to mitigate for kissing bonds that might cause catastrophic failure of the structure. 
To ascertain whether a surface is suitable for bonding, a pre-bond screening test (such as the water 
break test, dyne pens, etc.) might be undertaken. Whilst existing screening tests can determine 
whether a contaminant is present, they can be slow to implement, can be subject to user bias, and do 
not quantifiably determine the contamination thickness. Consequently, there is an interest in the 
development of wide area surface cleanliness measurement techniques that can quantifiably measure 
the presence of contamination, and therefore determine how intense a cleaning routine is required 
to prepare the surface.  
This chapter describes a limited investigation into two emerging wide area surface cleanliness 
measurement techniques of interest to BAE Systems that showed automation potential; aerosol 
wetting test (AWT) and optically stimulated electron emission (OSEE). In this Chapter the work carried 
out on both techniques investigated their ability to detect the presence of contamination on a variety 
of typical composite surfaces, including profiled geometries, is presented. It should be pointed out 
that neither technique was pursued further beyond the work outlined in this Chapter because both 
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techniques were incapable of performing well on textured surfaces; water droplets used in the AWT 
coalesced around surface features, whilst the OSEE technique is sensitive to minor fluctuations in the 
surface, and could be further developed by integrating a laser distance measurement system into the 
technique to counteract said fluctuations.  
3.2 Experimental Methods 
3.2.1 Materials and Sample Preparation 
In order to assess the ability of the two surface cleanliness measurement techniques to detect the 
presence of contamination, four panels were manufactured using an MTM 44-1 carbon fibre epoxy 
resin composite to provide characteristic examples of different surface preparation techniques. Each 
panel was constructed through the hand lay-up of sheets that had been pre-impregnated with the 
MTM 44-1 resin system as supplied by Cytec, vacuum-bagged to aid consolidation, and cured in an 
oven. This investigation considered only surface characterisation, so the ply lay-up was not of 
importance in this instance. 
The material consisted of three flat panels (200 x 140 x 4 mm) prepared with either an Ultraply 23T 
peel ply surface, a F161 peel ply surface, or a resin rich surface finish that was visually smooth as a 
result of using vacuum bags during the curing procedure. Both peel ply techniques provided a visually 
textured surface once the peel ply was removed. A fourth panel manufactured with a curved profile 
(230 x 90 x 11 mm) was included in the investigation with the aim of determining the applicability of 
extended non-destructive test (ENDT) processes for profiled surfaces. 
Each panel was prepared with a different surface finishing technique, according to the preparation 
procedures used by BAE Systems. The uncontaminated area for the resin rich MTM44-1 smooth 
coupon was wiped clean with acetone prior to testing. The uncontaminated area for the Ultraply 23T 
peel ply coupon was prepared by removing the peel ply, and then wiped clean with acetone prior to 
testing. The F161 peel ply coupon was prepared by removing the peel ply, but no acetone wipe was 
applied prior to testing. Three substances were identified as potential contaminants that arise in the 
manufacturing process; namely Chemlease-41 EZ (a release agent used in the manufacturing of 
composite materials) known to be detrimental to the mechanical performance of adhesively bonded 
structures (Markatos, 2015), skydrol hydraulic oil, and barrier cream (a hand cream that is used to 
protect skin from irritants). The three contaminants were applied to one half of the surface of each of 
the three flat panels by fingerprint (a gloved finger was dipped into the contaminant for 5 seconds 
and pressed onto the surface of the panel for 5 seconds) or through the use of a cloth (the cloth was 
dipped into the contaminant for 5 seconds and wiped across the surface of the panel). These 
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application methods were chosen as they were representative of potential contamination events 
through handling of the material. A schematic diagram of the contaminated areas is outlined in  
Figure 3.1, which shows the configuration of the panels prepared, with the contaminated areas on the 
left of the panel, and the uncontaminated area of the panel on the right. 
 
Figure 3.1: Contamination configuration of the flat panels. 
It is important to note that the level of contamination applied to each panel within this company-
motivated exercise was not applied at a specific concentration; the aim was to produce samples that 
were representative of typical contamination events in a factory. The profiled panel supplied was not 
contaminated but followed similar preparation routines as the Ultraply 23T and F161 peel ply panels 
as described earlier. The profile was constructed by inserting a foam core and pre-cured in-fill pieces 
during lay-up to provide a valley. Figure 3.2 shows the configuration of the profiled panel. 
 
Figure 3.2: Configuration of the profiled panel. 
The lower section and sloped section consisted of the F161 peel ply surface, and the peel ply 
protection fabric was removed prior to testing. The upper sections of the profiled panel consisted of 
Ultraply 23T peel ply surfaces, the lower surface was prepared with the F161 peel ply. Samples were 
contaminated onsite at BAE Systems Samlesbury, with final surface preparation procedures 
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undertaken at the relevant laboratories where the ENDT techniques were used. Regions of the 
contaminated panels were kept pristine by retaining the peel-ply on half of each panel in order to 
provide a benchmark to compare against the contaminated regions.  
3.2.2 Aerosol Wetting Test 
The aerosol wetting test (AWT) process created a droplet distribution onto a specimen substrate by 
using an ultrasonic nozzle to generate a water aerosol from purified water. The applied water droplets 
had an average diameter between 0.1 - 0.3 mm, which varied depending on the surface state of the 
sample. A droplet with a larger diameter implies a lower WCA value, and therefore an area where the 
surface wettability is greater. An optical camera is used to take a series of images of the wetted 
surface, which are then digitally stitched together to obtain a single image file of the surface. Bespoke 
digital imaging software is then used to determine the diameter of the water droplets. The software 
identified the level of wettability of areas of the surface through the water contact angle calculated 
by the droplet diameters, which was used to identify areas that do not meet a user-inputted threshold 
of wettability as indicated by water droplet diameter distribution. The threshold was determined by 
acquiring measurements on the pristine half of the panels. The pure water droplets then evaporate 
into the atmosphere, so that this technique does not require a drying process. 
3.2.3 Optically Stimulated Electron Emission 
OSEE measurements were taken for all three flat panels. Each panel was placed on a grounded plate 
for testing to prevent any electrostatic build-up which might have caused noise in the results obtained.  
Six OSEE measurements were taken, one for each of the contaminated sites indicated in Figure 3.1, 
with a further six OSEE readings taken from the uncontaminated area of the panel. Test samples were 
characterised using the surface quality monitor model SQM300W System, with sensor model 60792. 
The sensor head used a mercury vapour lamp to produce an ultraviolet light source and had an 
inspection area of 138.9 mm2. The sensor was set up to be in contact with the surface of the panels to 
minimise the effect of atmospheric attenuation.  
3.3 Results and Discussion 
3.3.1 Introduction 
This section discusses the outcomes of the experimental work concerning wide area surface 
cleanliness measurement techniques outlined in the previous section. The aerosol wetting test (AWT) 
is considered first, followed by optically stimulated electron emission (OSEE). 
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3.3.2 Aerosol Wetting Test 
Figure 3.3 shows an example of the post processed images recorded by the BoNDTinspect kit for the 
MTM 44-1 resin rich surface at the edge of a rectangular contaminated region, highlighted by label 3 
as in Figure 3.1. The left-hand side shows an area of droplets that visible dimensions, and subsequently 
high WCA, implying low wettability as seen by the speckled water droplet distribution; the right-hand 
side shows an area with low WCA readings (no single water droplet can be seen as the surface has 
been fully wetted the droplets have coalesced into a thin film), implying high wettability as observed 
by the water droplets that have spread themselves over the surface. Figure 3.4 shows a screenshot 
photograph of the BoNDTinspect surface inspection kit software displaying an example of the pass/fail 
criteria mode of a different region of the panel provided by Automation W+R. In this image, the red 
numbers represent water droplets that are above a set water contact angle threshold and imply an 
area of low wettability (i.e. failed the screening test). The green numbers represent water droplets 
below the threshold and imply good wettability (i.e. passed the screening test).   
 
Figure 3.3: Image of contaminated/uncontaminated boundary present on the MTM 44-1 resin 
rich surface as taken by the BoNDTinspect surface inspection kit supplied by Automation W+R. 
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Figure 3.4: Photograph of the BoNDTinspect surface inspection kit software output displaying 
the “pass/fail” criteria mode. Courtesy of IFAM Fraunhofer. 
The BoNDTinspect system was only able to produce images that were suitable for analysis for the 
MTM44-1 resin rich CFRP surface, because water droplets would coalesce around the surface profile 
created from the removal of the peel ply layer of the F161 and Ultraply 23T CFRP panels. Figure 5 
shows an image of the Ultraply 23T surface taken by the BoNDTinspect kit after being subjected to the 
water droplet spray. From careful examination, it can be seen that the water droplets have coalesced 
at areas where surface features are present, i.e. where there are depressed regions caused by the 
removal of the peel ply.   
 
Figure 3.5: Image of Ultraply 23T surface as taken by the BoNDTinspect surface inspection kit 
supplied by Automation W+R. 
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The profiled panel was not characterised by the BoNDTinspect kit because it was unable to discern 
the water droplets from the surface features that the peel-plies caused on the panels. The 
BoNDTinspect kit could be improved if the ability to auto-stitch images prior to analysis and overlay 
the pass/fail display mode over a CAD model were developed, as this would allow the rapid detection 
of locations that require further cleaning. The BoNDTinspect kit could be further improved if the 
pass/fail criterion was designed to be automated or more intuitive in the set-up process.  Further 
development of the software would be useful to operators of the kit in order to ease the analysis 
process and make the results relevant to the components being inspected. 
3.3.3 Optically Stimulated Electron Emission 
Figure 3.6 shows the OSEE signals (i.e. the number of photoelectrons detected as a result of UV light 
excitation) in atomic units (a.u.) recorded using the SQM300W system for the MTM 44-1 resin rich 
surface, with error bars displaying standard error. For each test condition, six measurements were 
recorded at random locations within the test condition region and averaged. Figure 3.6 shows that in 
the case of the MTM 44-1 resin rich CFRP panel, there is a clear difference in the measured OSEE 
signals measured in the contaminated (red bars) and uncontaminated (green bars) areas, however the 
difference between the OSEE signal for each contaminant condition is slight. This suggests that for a 
resin rich surface, OSEE is suitable for determining the presence of contaminants, but not for 
discerning between the type of contamination present. There is variation seen in the uncontaminated 
measurements. 
 
Figure 3.6: OSEE signal measurements taken for the MTM 44-1 resin rich surface, with various 
contaminants.  
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Figure 3.7 shows the recorded OSEE signals for the Ultraply 23T peel ply surface, with error bars 
displaying the standard error for the uncontaminated measurements. For each test condition, six 
measurements were recorded at random locations within the test condition region and averaged. 
Compared to the MTM 44-1 resin rich surface, the OSEE intensity measurements recorded for the 
uncontaminated areas were significantly lower (by about a factor of three). This may be due to the 
fact that surface roughness caused by the removal of the peel ply affects the OSEE intensity recorded. 
There was, again, a variation in the values recorded for the uncontaminated measurements. It can be 
seen that the OSEE technique is again able to determine the presence of a contaminant on the Ultraply 
23T peel ply surface.  The Chemlease contaminant conditions were noticeably lower than the other 
contaminant conditions. There was greater variation in the measurements taken for the barrier cream 
and hydraulic oil conditions, with the OSEE intensity reading for the barrier cream wiped with cloth 
and hydraulic oil fingerprint conditions exceeding two uncontaminated measurements. This suggests 
that there are some uncertainties with OSEE measurements for all contaminants on the Ultraply 23T 
peel ply surface.  
 
Figure 3.7: OSEE signal measurements taken for the Ultraply 23T peel ply surface, with various 
contaminants. 
Figure 3.8 shows the OSEE measurements taken for the F161 peel ply surface subjected to various 
contaminants. The error bars show the standard error for the uncontaminated measurements, six 
measurements were recorded at random locations within the test condition region and averaged. 
Again, compared to the MTM 44-1 resin rich surface, the OSEE intensity measurements recorded for 
the uncontaminated areas were about a factor of three smaller. There is again variation in the values 
recorded for the uncontaminated measurements. It can be seen that the OSEE technique is able to 
detect the presence of some contaminants on the F1616 peel ply surface, though there is an even 
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greater variation than for the Ultraply 23T surface contamination, and the hydraulic oil fingerprint and 
barrier cream wiped from cloth conditions were comparable to uncontaminated values, again showing 
that the OSEE technique is unable to discern some contaminants on a textured surface. However, the 
Chemlease release agent condition was detected. 
 
Figure 3.8: OSEE signal measurements taken for the F161 peel ply surface, with various 
contaminants. 
Figure 3.9 shows the mean OSEE measurements taken for the profiled panel, with a diagram referring 
to the five sections that the panel was divided into for analysis; section 1 and 5 consisted of the 
Ultraply 23T peel ply surface, section 2, 3 and 4 consisted of the F161 peel ply surface, with sections 2 
and 4 featuring an angled profile. Six OSEE measurements were taken at random locations within the 
test condition region for each pristine, uncontaminated section, giving 30 measurements in total. It 
can be seen that sections 1 and 5 (which consisted of the Ultraply 23T peel ply surface) exhibited lower 
mean OSEE intensity measurements when compared to sections 2, 3, and 4, which consisted of the 
F161 peel ply surface. It can also be seen that the angled sections 2 and 4 are lower than section 3, 
with section 2 considerably lower. This suggests that the measurement technique for a profiled 
surface is not appropriate, compared to the flat surface. Each surface type would also have surface 
texture associated with the removal of the peel ply, the previous tests considering flat panels shown 
that the OSEE technique exhibited variability when analysing rough surfaces. It can be seen that there 
is a distinct difference between the Ultraply 23T and F161 peel ply surfaces, which suggests that the 
OSEE technique was able to discriminate between the different peel ply surfaces. It is suggested that 
the variation was as a result that the two surfaces have different surface roughness profiles, and that 
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the difference is because OSEE is sensitive to surface roughness. However, when compared to the 
data acquired from the flat panels, the differences are significantly greater than expected. Further 
work is required to underpin as to why this variation existed, however no further investigations were 
undertaken concerning OSEE. It is suspected that this is due to the fact that the OSEE sensor head was 
unable to access parts of the profiled surface due to the sensor head geometry and the radius of 
curvature of the panel. 
 
Figure 3.9: Mean OSEE signal measurements taken for each section of the profiled panel, with 
diagram showing position of measurements. Error bars show respective standard deviations. 
Comparing the values recorded for the Ultraply 23T peel ply surfaces present on section 1 and 5 to 
the measurements recorded in Figure 3.7 for the uncontaminated Ultraply 23T peel ply surface, the 
values recorded for the profiled panel were considerably lower. This appears to be the case when 
comparing the values recorded for the F161 peel ply surfaces present on section 2, 3, and 4 of the 
profiled panel to the measurements recorded in Figure 3.8 for the uncontaminated F161 peel ply 
surface. This suggests that although the results are qualitatively in agreement, the quantitative 
discrepancies require further investigations. The OSEE investigations were undertaken by PET Inc. 
personnel and it is possible that operational errors that arose during testing were not documented; 
one such error might be contaminants being spread by the OSEE sensor head, causing cross-
contamination. This technique could be further developed to incorporate a laser distance 
measurement sensor such that any variations in sensor head stand-off distance whether macroscale 
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due to radii of curvature or microscale due to localised surface roughness, could be accounted for in 
a post process procedure. 
3.4 Concluding Remarks 
This chapter has investigated the ability of two wide area surface cleanliness measurement techniques 
to detect the presence of contamination on flat and textured panels, and panels manufactured with a 
profile to emulate components that are typical of bonded composite structures. 
It has been shown that the BoNDTinspect AWT kit can detect a difference in surface state over a 
contaminated resin rich CFRP surface and with suitable post data collection processing, a pass/fail 
map can be created for any given threshold. However, the technique is not suitable for detecting 
contaminants on peel ply surfaces in its current form and will require further development for it to be 
suitable for implementation into a production line in industry.  
The SQM300W OSEE System was able to discern the presence of contaminants on the MTM 44-1 resin 
rich panel effectively. However, for both the Ultraply 23T and F161 peel ply panels, it was observed 
that there were reasonable variations in recorded measurements for the uncontaminated conditions. 
Whilst the Chemlease release agent (the contaminant which according to the literature (see § 2.3.4) 
has the greatest detrimental effect to mechanical performance) was detected on all surface types, the 
barrier cream and hydraulic oils.  
To conclude, both AWT and OSEE techniques can be used to detect the presence of contaminants are 
present on a CFRP surface prior to bonding. However, neither technique can discern the type of 
contaminant present. This means that there is still a requirement for optimisation and development 
of each process, with further investigations suggested to consider a more precise application of 
contamination, and at varying levels of contaminant application to determine if there is a critical value 
which the technique does not observe the contamination. It is suggested that a more controlled and 
detailed study involving peel ply surfaces and measured levels of contaminants is undertaken. 
The next chapter investigates the atmospheric plasma treatment (APT) of carbon fibre / epoxy resin 
composite surfaces, their ability to remove contaminants present at the surface, and their effects on 
water contact angle and bonded lap shear strength as a function of time after plasma treatment and 
storage methods. This has been undertaken with the motivation to determine the most appropriate 
storage method for plasma treated surfaces, and to identify the effective plasma treatment lifetime. 
Consideration is also given to the effects of overexposing the surfaces to plasma treatment, and 
alternative feedgases.   
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Chapter 4 
 Surface Pretreatment of Composites 
for Structural Adhesive Bonding 
4.1 Introduction 
Established surface preparation techniques, such as a solvent wipe or grit blasting with alumina can 
sometimes result in an increase in surface roughness, as well as removing the contaminant through 
attrition. However, these techniques are often slow and cumbersome, difficult to apply reproducibly, 
and can result in secondary contamination.  
Non-contact cleaning techniques, such as flame treatment and corona discharge, are widely used 
surface preparation techniques for thermoplastic polymers. Whilst these techniques allow for a high 
throughput, both have a high-power consumption. Recently, atmospheric plasma treatments (APTs) 
have been investigated for the preparation of the surface of thermoplastics prior to bonding, but there 
have only been a limited number of studies on thermosetting polymers (Zaldivar et al., 2012; Law et 
al., 2014), such as the epoxy matrix of a composite material. 
This Chapter investigates the atmospheric plasma treatment (APT) of carbon fibre/epoxy resin 
composite surfaces, the ability of APT to remove contaminants present at the surface, the effect of 
APTs on water contact angle and bonded lap shear strength as a function of time after plasma 
treatment, and the effects of different storage methods post-APT. This has been undertaken with the 
motivation to determine the most appropriate storage method for plasma treated surfaces, and to 
identify the effective plasma treatment lifetime. Consideration is also given to the effects of 
overexposing the surfaces to plasma treatment, with the motivation to provide recommendations for 
the optimum level of plasma treatments. 
4.2 Experimental Methods and Materials  
4.2.1 Materials 
All tests in this investigation were carried out on MTM44–1 carbon fibre reinforced epoxy resin panels, 
either prepared with a smooth finish, or the Ultraply 23T peel-ply preparation technique, as previously 
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outlined in Chapter 3. The MTM 44-1 resin system is of interest to BAE Systems as a potential out-of-
autoclave curing resin; the production costs of manufacturing composite parts can be reduced without 
the need to use an autoclave to produce the high pressure and high temperatures required to cure 
resin systems. The panels were manufactured to two thicknesses, for which the specified lay-up was 
[03, 90, 03]s (thick panels, thickness of 4 mm nominal) and [02 90 02]s (thin panels, thickness of 3 mm 
nominal).  
In order to evaluate the plasma decay of the plasma treatment effect for contaminated panels in 
addition to those ‘as received’, several panels were contaminated using Chemlease 41 (a silicone-
based mould release agent). The solid content of Chemlease 41 was determined by allowing 5g of the 
agent to evaporate in a vacuum oven from a glass vessel at a temperature of 50⁰C. After 24 hours, the 
remaining solid content was measured and determined to be 0.8% of the initial mass. To determine a 
realistic concentration of a contamination event, a 500 x 200 mm strip of nylon bagging film was 
weighed to determine its mass. Chemlease was then applied to the nylon bagging film strips using a 
clean cloth dampened with the neat mould release agent. The difference in mass after the film had 
dried in a vacuum oven was used to calculate the realistic contaminant levels to be applied in later 
testing. This test experimentally determined that 2µg/cm2 concentration could be considered to 
represent a typical contamination event, however it was decided in this investigation that a 
concentration of 4µg/cm2 was to be used instead to represent a more severe case of gross 
contamination. 
One of the most difficult aspects of this work was the controlled application of the contaminants to 
the surface of the composite surfaces. It was challenging to apply the materials in extremely thin films 
(~10µg/cm2) in a manner such that the applied coating was of a consistent thickness across the 
sample.  Several methods were examined as shown in Table 4.1 and the most successful technique is 
described in detail below. 
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Table 4.1: Summary of the advantages and disadvantages of different methods considered for 
applying contaminants 
Method Method of controlling 
contamination 
Advantages Disadvantages 
Dipping Amount of 
contamination in 
solution 
• Consistent • “Coffee stain” effect likely as 
solvent dries 
• Difficult to determine how much 
material added at low 
concentrations 
• Hard to achieve specific 
concentration of contaminant 
Spraying Measure mass added to 
panel after application 
• Consistent 
• Even coating 
applied 
• Hard to achieve specific 
concentration of contaminant 
Brushing Measure mass added to 
panel after application 
• Possible to achieve 
an even coating 
• Difficult to determine how much 
material added at low 
concentrations 
• Hard to achieve specific 
concentration of contaminant 
Dripping 
(syringe) 
Measure mass of 
solution before 
application to the panel 
• Possible to achieve 
an even coating 
• “coffee stain” effect likely as 
solvent dries 
• Even coating difficult to achieve 
without substantial dilution 
 
One of the principle issues with applying an even coating of a contaminant to a surface is the so-called 
‘tears of wine’ effect, or Marangoni convection (Marangoni, 1869). Droplets of liquid tend to 
evaporate from the edges inwards which lead to an edgeward flow of liquids during evaporation due 
to a gradient in surface tension. Where solid particles are suspended in solution, the particles are 
drawn towards the edge of droplets during evaporation, which leads to highly uneven concentrations 
of particulates once the liquid has evaporated.  To overcome this effect, a controlled syringing method 
was devised. 
The primary advantage of the syringe application method is that it allows the contamination level to 
be easily controlled by controlling the mass of solution in a syringe before it is applied to the substrate. 
The disadvantage of this method is that even when a film of solution is evenly applied to the substrate, 
the coffee stain effect can mean that the concentration of contaminant varies greatly over the 
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contaminated area. This effect is combatted by increasing the rate at which the solvent evaporates 
such that the movement of particles within the evaporating liquid is less pronounced. 
Prior to application, the contaminant was diluted with acetone to a pre-determined ratio. The solution 
was mixed using a rotary mixing machine at 1500 rpm for 4 minutes. 0.0091g of the solution was 
drawn into a syringe for every cm2 area in the target specimen. This value was determined 
experimentally to be an amount of liquid which would wet the surface area easily without overspill. 
The solution was then syringed onto the specimen as evenly as possible (the panel was tilted, as 
necessary, to ensure even wetting). Once the specimen was fully wetted, it was quickly placed in a 
vacuum oven (preheated to 50⁰C) to dry. Figure 4.1 shows images of two carbon fibre specimens, each 
300 x 150 mm in size, comparing the difference between specimens dried at room temperature, and 
those dried rapidly in a vacuum oven. 
 
Figure 4.1: Images showing the extent of ‘coffee staining’ due to Marangoni convection in 
contaminated panels dried at room temperature open air conditions (left) and at 50⁰C in a 
vacuum oven (right). 
Single lap shear testing was carried out with reference to BS ISO 4587:2003, using an off-set overlap 
configuration. The paste adhesive used in this investigation was Hexcel Redux 873, supplied by BAE 
Systems MAI. The adhesive joints were cured in a fan oven which ramped from room temperature to 
80⁰C at 5⁰C/min and then had a dwell for 4 hrs at 80°C. The ovens were left to cool naturally (i.e. with 
no forced cooling). In addition to the carbon fibre panels, two resin plaques of the closest equivalent 
to MTM44-1 that were used in infusion processes were also plasma treated to observe the visual 
effects of the plasma treatment. Specimens were made using two substrate panels of length 300mm 
and width 250mm. Each substrate was approximately 4 mm in thickness. One substrate was placed 
within a jig to ensure alignment, and then a bead of adhesive was applied approximately 5mm away 
from the edge of the substrate using an adhesive gun with a mixer nozzle. Metallic shims were used 
to control the bond thickness. The shims were of thickness 0.25 mm and were positioned on either 
side of the intended bond area. These shims were of approximately 30mm in length and 10mm wide, 
allowing for sufficient overhang from the edges of the joint by 10-15 mm. This was done to facilitate 
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the removal of the shims after the adhesive had cured. The two panels were cured in an oven and 
compressed further between two rigid aluminium plates of thickness 10mm. Two steel blocks each 
approximately 8 kg in mass were placed on top of the aluminium. The adhesive was then cured in the 
oven at a temperature of 80⁰C for four hours. Following cure, the panels were cut into specimens of 
width 25mm. Measures were taken to ensure that the spew adjacent to the bond line was reasonably 
consistent.  The presence of the spew was realistic to industry bonding, as such features would be 
present after assembly of structural components. The manufactured test specimens were 25 mm 
wide, 290 mm in length (including a 10 mm overlap), and a bond line thickness of 0.25 mm. Figure 4.2 
shows three typical off-set lap shear specimens, whilst Figure 4.3 shows a diagram indicating the 
dimensions of each lap shear specimen. 
 
Figure 4.2: Image of three typical lap shear specimens. The adhesive spew can be seen clearly. 
 
Figure 4.3: Diagram showing the configuration of lap shear specimens 
Six specimens were tested for each different treatment applied. Specimens were tested using a screw-
driven Instron 4507 mechanical testing machine with hydraulic grips, and were loaded in tension at a 
constant crosshead rate of 1 mm/min.  
4.2.2 Atmospheric Plasma Treatment 
Suitable plasma treatment equipment was obtained to complete the project. The PlasmaTreat 
OpenAir® kit is a current generation rotating jet unit, which is ideally suited to a wide range of plasma 
treatment application requirements.  The 1 kW unit was implemented with a treatment frequency of 
23 kHz, 80% voltage, 80% plasma cycle time, and 3000 mbar air pressure, the same parameters used 
by Law et al. (2014). In this Chapter, the unit was mounted to a six-axis automated gantry system at 
Adhesive Spew 
10 mm 
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BAE Systems Filton, which provided controlled and programmable plasma head raster paths.  
Figure 4.4 shows an image of the plasma treatment equipment in operation at BAE Systems Filton. 
 
Figure 4.4: Image of the plasma treat equipment in operation, with a stand-off distance of 10 
mm. 
For the following investigations, the intensity of the plasma treatment applied was adjusted by 
considering three variables: The stand-off distance of the plasma source from the surface of the 
specimen, the traverse rate of the stage, and the distance between passes of the plasma source, or 
overlap distance. For all investigations, the stand-off distance between the plasma treatment nozzle 
and the surface to be treated was kept at a constant 10 mm. A number of different recipes have been 
investigated throughout the course of the project which are summarised below in Table 4.2.  
Table 4.2: Table displaying plasma treatment recipes used in investigations. 
Plasma 
treatment 
Traverse speed, 
Vtraverse 
Number of passes, 
npass 
Effective plasma 
intensity, Ieff 
Plasma A 7.5 mm/s 1 1.333 
Plasma B 10 mm/s 1 1 
Plasma C 5 mm/s 1 2 
Plasma D 2.5 mm/s 1 4 
Plasma E 1 mm/s 1 10 
Plasma F 0.5 mm/s 1 20 
The effective plasma intensity, Ieff, can be determined by considering that if all other variables remain 
constant, Ieff is proportional to the number of passes of the raster head, and inversely proportional to 
the traverse speed. 
Chapter 4. Surface Pretreatment of Composites for Structural Adhesive Bonding 
59 
 
𝐼𝑒𝑓𝑓 = 10 (
1
𝑉𝑡𝑟𝑎𝑣𝑒𝑟𝑠𝑒
 𝑛𝑝𝑎𝑠𝑠) 
Equation 4.1 
Where multiple passes were used, the treatment was stopped after each pass and the panel was 
allowed to cool down to 35°C, as measured by a thermocouple on the back face of the specimen, 
before the next pass. This was done so to ascertain whether any overexposure effects observed within 
the panel were due to the absolute amount of plasma treatment or due to the amount of heat on the 
surface of the panel during treatment.  
The plasma cleaning and decay investigations were intended to ascertain the level at which APTs can 
remove contamination from the surface, and to provide indicative data from a range of tests which 
could be used to recommend practical time limits for bonding after the application of a plasma 
treatment. The analysis methods used in this investigation were single lap joint shear testing and 
water contact angle measurements. Data was collected for both (a) the plasma treated and (b) 
contaminated then plasma treated samples for 9 intervals in time after treatment, as summarised in 
Table 4.3. 
Table 4.3: Table summarising the plasma decay investigation test conditions 
Interval Lapshear Contaminated 
Lapshear 
Water 
contact 
angle 
Contaminated 
Water Contact 
Angle 
< 1 hour X X X X 
4 Hours  X X X 
1 Day X  X X 
3 Days X  X  
5 Days   X  
1 Week X  X  
2 Weeks X X X  
4 Weeks X X X X 
8 Weeks X X X X 
 
It should be noted that the <1 hour interval was measured as soon as practically possible after plasma 
treatment, so in practice an interval of approximately 15 minutes after treatment was common. For 
the plasma decay investigation, the only plasma treatment used was ‘Plasma A’, as previously 
described in Table 4.2. Where ‘as received’ panels were tested with no plasma treatments, panels 
were supplied with the peel ply already removed, and were prepared with an acetone wipe prior to 
testing or bonding. Plasma treated samples were also cleaned with an acetone wipe prior to treatment 
(or prior to contamination in the case of samples contaminated with Chemlease 41). 
After plasma treatment, the specimens were stored in one of three different conditions: Laboratory 
conditions (within a Perspex cabinet), a desiccator cabinet containing silica gel crystals to produce a 
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dry environment, or under vacuum within a vacuum desiccator. Dryness was assessed using a 
hygrometer and was found to be consistently at 0% relative humidity for the duration of the 
investigation. For the laboratory and desiccator conditions, the contaminated and uncontaminated 
specimens were stored together in separate stacks, whilst for the vacuum condition contaminated 
and uncontaminated specimens were stored in separate vacuum pots. Images of the storage 
containers are shown in Figure 4.5, Figure 4.6 and Figure 4.7. Water contact angle specimens were 
stored upright in clean aluminium racks, whilst lap shear panels were stacked horizontally with clean 
aluminium spacers at the edges of each panel to prevent contact between the front and back faces of 
neighbouring panels. All three of these storage conditions were used for every time interval except 
for the <1 hour interval, where the specimens were all tested or bonded immediately after treatment. 
 
Figure 4.5: Image of the storage cabinets used in the plasma decay investigation: left – 
Desiccator cabinet, right – laboratory conditions. 
 
Figure 4.6: Image of the plasma treated panels stored in the desiccator cabinet. 
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Figure 4.7: Image of the vacuum dessicators used for storage during the decay investigation: left 
– contaminated samples, right – uncontaminated samples. 
4.2.3 Thermal Effects of Atmospheric Plasma Treatment 
The second objective of this investigation was to understand the thermal effects of the plasma 
treatment, to provide some rough guidelines that indicate a range of traverse rates that are 
appropriate for this composite material, and to establish an overexposure limit. In this investigation, 
an overexposure limit is defined as the plasma intensity at which the temperature of the composite 
panel surface exceeds the glass transition temperature of the material. At this temperature, significant 
thermal stresses are induced in the material, which would reduce the overall structural performance 
of the material. Visible ablation effects are likely to be seen, i.e. surface charring. Two different 
thicknesses of CFRP panels (2 mm and 4 mm) as well as resin plaques were subjected to a range of 
plasma treatments.  
Four variables were investigated. The stand-off distance of the plasma source from the surface of the 
specimen was kept at a constant 10 mm. The distance between passes of the plasma source was also 
kept constant. In order to change the effective plasma treatment intensity, either the traverse rate of 
the stage, or the number of passes were varied. Treatments B-F  (as previously outlined in Table 4.2) 
were used in the plasma overexposure investigation and are described previously in § 4.2.2. 
During the plasma treatments, the top face surface temperature was measured using a thermal 
imaging camera. The bottom face temperature was measured with a thermocouple positioned in the 
middle of each plasma treatment condition, and along the centreline of the specimen. This was done 
so as to determine the through-thickness heating effect that the APT has on the carbon fibre 
composite. As carbon fibre composites are known to be poor thermal conductors, it was expected 
that the bottom face temperature would be significantly lower than temperatures observed on the 
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top surface. Figure 4.8 shows (left) an image of the thermal imaging camera, and (right) the plasma 
treatment underway, with the thermal imaging camera screen recording data. 
 
Figure 4.8: (left) Image of thermal imaging camera; (right) thermal imaging camera view 
during plasma treatment (0.5 mm/s), and a clearly observable overexposed region on the CFRP 
panel. 
4.3 Results and Discussion 
4.3.1 Atmospheric Plasma Treatment 
In order to further appreciate the geometry of the plasma plume produced by the PlasmaTreat 
OpenAir single rotating flume jet, a series of photographic investigations were undertaken. A 
photograph of the nozzle from below can be seen in Figure 4.9. 
 
Figure 4.9: PlasmaTreat OpenAir plasma treatment kit as photographed from below. 1) Plasma 
exit nozzle, 2) Extractor hood.  
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It can be seen that the plasma exit nozzle is offset from the centre of rotation. As a consequence, the 
plasma treatment produces a concentric ring pattern when in operation. Two strikingly distinct regions 
of the plasma plume can be identified; the electric arc generated to ionise the compressed air, and 
the ionised plasma plume itself. The concentric ring pattern and plasma plume regions are shown 
below in Figure 4.10. In this instance, a glass fibre reinforced polymer (GFRP) has been used to provide 
the necessary contrast to observe the plasma treatment regions. 
 
Figure 4.10: Close-up photograph of the PlasmaTreat OpenAir APT flume jet in operation. 
Photograph taken using a Canon EOS 1300D DSLR mounted with a 50mm focal length lens, at 
1/50s, f/4.0, ISO 400. 
From this angle, the concentric ring pattern is clearly observed. The plume dispersion, as a result of 
interaction with the GFRP surface, can clearly be seen. When observed with the naked eye, the plasma 
treatment plume appears to be consistent. Figure 4.11 shows the same GFRP surface after being 
subjected to a plasma treatment at 10 mm stand-off distance, with a dwell time of 5 minutes, which 
is a high intensity treatment. This has been done so as to highlight the geometry of the plasma plume. 
It can be seen that distinct regions of different plasma treatment intensities can be observed. 
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Figure 4.11: GFRP surface after being subjected to a plasma treatment at 10 mm stand-off 
distance. The plasma treatment was left to dwell in position for 5 minutes. 
The nozzle rotates at 1900 rpm, or, 31.6 Hz. To further probe the behaviour of the plasma plume 
during operation, a series of photographs at varying camera shutter speeds were taken. These are 
displayed in Figure 4.12. 
 
Figure 4.12: A series of photographs showing the observed plasma plume as a function of 
shutter speed. ISO adjusted to improve image quality.  
When using a shutter speed of 1/13 s, the plasma plume is observed as a distinct, consistent concentric 
ring. At a shutter speed of 1/80 s, the plasma plume appears as it would to the naked eye. As the 
shutter speed increases, the plasma plume appears as a smaller fraction of one full rotation. At a 
shutter speed of 1/4000 s, the plasma plume appears as a singular jet. This illustrates that the plasma 
treatment will trace out a concentric ring pattern as it traverses across the sample, which suggests 
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that the treatment intensity will not be homogeneous across the width of the plasma treated region. 
A schematic diagram of this can be seen below in Figure 4.13.  
 
Figure 4.13: A schematic diagram illustrating the effective plasma treatment intensity as a 
function of position along the treatment width.  
As a consequence of rastering a concentric ring pattern across the surface of a sample, the chord Xi – 
Xi was expected to show an M-shaped effective plasma intensity profile. The chord Xi+1 – Xi+1 shows 
that whilst the edge of the ring might display similar intensities, the central region of the plasma 
treated area was expected to show a reduced intensity. It is therefore important to note that to 
achieve the maximal effective plasma treatment, the plasma treatment raster path should be initiated 
at least one plasma plume diameter from the required treatment zone; the plasma treatment will not 
be homogeneous in intensity as the edges of the raster path will always be more intense than the 
centre of the raster path.  
One important parameter to consider is the plasma head stand-off distance, which will affect the 
effective plasma treatment intensity. As the stand-off distance is increased, the plasma ions have a 
further distance to travel, and in turn more interactions with species in the local atmosphere before 
reaching the target composite surface. Since the nature of these interactions is statistical, there will 
be some variation in the range of each particle (Dendy, 1995). The PlasmaTreat OpenAir plasma 
treatment kit operator’s manual suggests a stand-off distance between 5 and 18 mm (PlasmaTreat, 
2013). In order to observe the effects of the stand-off distance variation on the plasma plume, a series 
of photographs were taken. These are shown below in Figure 4.14. 
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Figure 4.14: A series of photographs showing the plasma plume shape as a function of stand-off 
distance, h. All photographs taken using a Canon EOS 1300D DSLR mounted with a 50mm 
lens, at 1/50s, f/4.0, ISO 400. 
A stand-off distance of 6 mm can be observed to produce an intense spreading of plasma. At a stand-
off distance of 20 mm, the plasma plume does not visibly interact with the surface. As there are a 
considerable number of variables associated with APTs, all investigations in this work were made using 
a stand-off distance of 10 mm. 
4.3.2 Water Contact Angle 
Water contact angle tests were carried out for both contaminated and plasma treated, and 
uncontaminated and plasma treated samples. To determine the level at which APTs can clean a 
surface, results of post-treated surfaces were compared to data collected prior to plasma treatment 
for both contaminated and uncontaminated conditions. Six measurements were taken for each 
condition and averaged. Figure 4.15 shows the water contact angle measurements for both 
contaminated and uncontaminated surfaces before and after plasma treatment. Error bars show the 
standard error associated with each data set. 
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Figure 4.15: Water contact angle measurements comparing pre-treated contaminated and 
uncontaminated conditions to post-treated contaminated and uncontaminated conditions.  
The presence of contaminant has caused an increase in WCA when compared to the uncontaminated 
sample. After plasma treatment, a reduction to 28% of the pre-treated value can be seen can be seen 
for the uncontaminated conditions, whilst a reduction to 9% of the pre-treated value can be seen in 
the contaminated conditions, indicating that APTs can significantly increase surface wettability of both 
contaminated and uncontaminated conditions. Interestingly, the post-treated contaminated 
condition yielded a lower WCA when compared to the post-treated uncontaminated condition. 
WCA measurements were acquired for each of the three storage conditions (ambient laboratory 
conditions, desiccator cabinet, and under vacuum) as described previously in section 4.2.3. Sample 
images of water droplets applied during testing are shown in Figure 4.16. The results for the 
uncontaminated conditions are summarised in Figure 4.17 and Figure 4.18.  
 
Figure 4.16: Sample images of water droplets used for water contact angle measurements of 
uncontaminated and untreated (left) and uncontaminated and plasma treated (right) samples. 
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Figure 4.17: Summary of the water contact angle measurements for uncontaminated samples 
stored in ambient conditions, desiccator cabinet, and under vacuum, at intervals in time after 
plasma treatment. 
 
Figure 4.18: Scale adjusted summary of the water contact angle results for uncontaminated 
samples at intervals in time after plasma treatment. 
The water contact angle for untreated samples was determined to be approximately 80⁰. All plasma 
treated samples showed greatly reduced water contact angle (indicating greater wettability) with 
respect to the untreated sample. The water contact angle immediately after plasma treatment was 
approximately 20⁰, which is a significant reduction.  Water contact angle is then shown to increase 
slightly over a period of approximately one week until a water contact angle of 25-30⁰ at which point 
the decay process appears to end and the water contact angle stabilises within this 25-30⁰ degree 
range. The data shows that the plasma treatment effects on contact angle are very long lived, as after 
56 days the water contact angle has not returned to the initial 80⁰. This process does not appear to 
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be significantly affected by the storage condition. A sample water contact angle image of a specimen 
contaminated with Chemlease 41 is shown in Figure 4.19, the contaminated water contact angle 
results are presented in Figure 4.20.  
 
Figure 4.19: Water contact angle image of a panel contaminated with Chemlease 41, at a 
concentration of 4 µg/cm2. 
 
Figure 4.20: Summary of WCA results for contaminated samples at intervals in time after 
plasma treatment.  
The water contact angle for contaminated samples without plasma treatment was measured to be 
approximately 120⁰, illustrating the hydrophobic effect of Chemlease on the wettability of the carbon 
fibre surface. The water contact angle immediately after plasma treatment was approximately 10⁰ 
indicating a substantial improvement. As a rule of thumb, surfaces that exhibit contact angles below 
45° are indicative of good surface wetting (Krüss, 2020), and therefore all surfaces treated by APT 
were deemed appropriate for bonding.  The WCA value for the post-treated contaminated sample is 
lower than the post-treated uncontaminated sample WCA, which is suggestive that the plasma 
treatment may have not removed the contaminant completely (or indeed at all), but instead had 
affected the top layer of the contaminant. This is further investigated in Chapter 5. The water contact 
angle is shown to rapidly increase over a period of a few days to approximately 40⁰ followed by 
further, more moderate increases over the next few weeks. In the case of contaminated samples, a 
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notable difference between storage conditions appears to have emerged over time. In particular, the 
specimens stored in a vacuum chamber show a substantially increased water contact angle over time. 
In contrast, the specimens stored within a desiccator cabinet show the lowest water contact angle 
over the same period. It is postulated that the increase in water contact angle over time within the 
vacuum chamber is the result of recontamination from residual Chemlease present on the specimens 
(potentially on the sides of the specimens from any spill over). It is suspected that any recontamination 
would be assisted by the enhanced evaporation rate supplied by the vacuum. 
4.3.3 Single Lap Shear Tests 
Single lap shear testing was carried out as described in § 4.2.3. Alongside the WCA measurements, 
results of post-treated surfaces were compared to data collected prior to plasma treatment for both 
contaminated and uncontaminated conditions. Six measurements were taken for each condition. 
Figure 4.21 shows the water contact angle measurements for both contaminated and uncontaminated 
surfaces before and after plasma treatment. Error bars show the standard error associated with each 
data set. 
 
Figure 4.21: Lap shear joint failure strength measurements comparing pre-treated 
contaminated and uncontaminated conditions to post-treated contaminated and 
uncontaminated conditions. 
The presence of contaminant has caused a considerable reduction in LSJ failure strength. After plasma 
treatment there is a slight increase in the strength of the uncontaminated control specimens, although 
not to a level which suggests that a significant improvement to strength has been obtained. However, 
the contaminated plasma treated condition showed a 375% increase in failure strength when 
compared to the contaminated control condition. The contaminated plasma treated condition yielded 
approximately a third of the failure strengths of the uncontaminated conditions, which suggests that 
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whilst APTs can partially mitigate against the deleterious effect of the contamination, the treatment 
used could potentially be further optimised. 
The lap shear strengths of the plasma treated specimens, bonded at increasing lengths of time after 
plasma treatment and stored in various storage conditions are shown in Figure 4.22. The lap shear 
strength of the untreated panels was approximately 45 MPa (as also shown in Figure 4.22, and is 
represented by the red line). The lap shear strength was noticeably reduced for samples that had been 
bonded at some interval in time after plasma treatment. This effect appears to stabilise at some point 
between 1 and 3 days with a lap shear strength of between 35 and 40 MPa. As was observed during 
the water contact angle testing (as presented in § 4.3.2), the storage condition appears to not have a 
significant impact on the lap shear strength of specimens, although the specimens stored in the 
desiccator cabinet appear to consistently have a slightly increased strength than those stored in either 
vacuum pots or the laboratory conditions. The specimens stored in the vacuum pots do appear to tend 
to have slightly lower lap shear strength than those stored at ambient conditions, but the difference 
is small enough that its statistical significance is questionable. 
 
Figure 4.22: Summary of lap shear results for the uncontaminated conditions. Specimens were 
bonded at intervals in time after plasma treatment. 
The lap shear results for specimens contaminated with Chemlease 41, bonded at increasing lengths of 
time after plasma treatment and stored in various storage conditions are shown in Figure 4.23. The 
lap shear strength of the contaminated control specimens was measured to be approximately 4 MPa 
(and is represented by the red line). For the contaminated specimens that were plasma treated prior 
to adhesive bonding, there is a high degree of variability in the lap shear strengths measured. 
Specimens where bonding occurred immediately after plasma treatment have lap shear strengths 
ranging from 5-15 MPa. Further variability is observed according to how they were stored after 
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treatment.  A further increase of up to 20-25 MPa is observed over the first 2 weeks. After this point 
there is a substantial discrepancy between the different storage conditions with those stored in 
vacuum retaining strengths of approximately 20-25 MPa, whilst both the desiccator and ambient 
conditions showed a decline in strength between 2 and 8 weeks. It is not clear what the cause of these 
trends are, and further investigation is required. In particular, the improved strength observed for 
specimens stored in the vacuum chamber appears to contradict those observed through water contact 
angle. The highest strength appears to be consistently from the vacuum stored samples. As the time 
after treatment increases, the water contact angle for the specimens stored in a vacuum chamber 
increases significantly, which suggests that contaminant migration is assisted when specimens are 
stored under vacuum.  
 
Figure 4.23: Summary of lap shear results for the contaminated conditions, specimens were 
bonded at intervals in time after plasma treatment. 
Example fracture surfaces for the improved lap shear test specimens are shown in Figure 4.24. The 
fracture surfaces for failed specimens fell into two broad categories. (a) Contaminated control 
specimens and contaminated specimens that had been subjected to an atmospheric plasma treatment 
prior to adhesive bonding exhibited a failure at the substrate-adhesive interface with no notable 
residue of adhesive left on the surface of one half of the fracture surface. In some cases the adhesive 
was found on both substrates, but where this was observed, the mirror area on the other substrate 
was entirely clear of visible adhesive residue. (b) The as-received control specimens, and as-received 
specimens subjected to plasma treatment prior to bonding displayed a form of cohesive failure where 
the adhesive left a substantial amount of residue on the surface of both sides of the fracture surface.  
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Figure 4.24: Sample images showing the different types of failure visible in the lap shear testing 
(a) Adhesive failure (Chemlease 41 bonded with no plasma treatment) (b) Cohesive failure 
(bonded immediately after plasma treatment). 
4.3.4 Thermal effects of atmospheric plasma treatment 
The resin plaque was observed visually, whilst both the 2 mm and 4 mm thick CFRP panels were 
monitored using the thermal camera (as described previously in § 4.2.3). Table 2 (as presented 
previously in § 4.2.2) shows the traverse speed for the plasma head as it was rastered across the 
specimen; slower raster speeds obviously increase the effective plasma treatment intensity, as 
previously noted in Table 4.2. Figure 4.25 shows the immediate discolouration of the resin plaque as 
a result of being subjected to plasma treatment F (plasma head raster speed = 0.5 mm/s), whilst  
Figure 4.26 shows the 4 mm thick panels after exposure to the various plasma treatments, with plasma 
head raster speeds ranging from 10 to 0.5 mm/s, outlined in Table 4.2. It can be seen that as the 
plasma head raster speed decreases, and the effective plasma treatment intensity therefore increases, 
the path of the plasma treatment can be seen more clearly. After plasma treatment B (raster speed = 
10 mm/s), this path is not particularly visible, however in the extreme case of plasma treatment F 
(raster speed = 0.5 mm/s), a distinct decolourisation can be observed. 
 
Figure 4.25: Resin plaque during plasma treatment F (plasma head raster speed = 0.5 mm/s). 
Discolouration due to overexposure is clearly visible. 
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Figure 4.26: Panels after plasma treatments of increasing intensities, showing plasma 
treatments B-F.  
An example of the images acquired using the thermal camera can be seen in Figure 4.27. The images 
acquired from the thermal camera show that the area at elevated temperature is highly localised 
around the point where the plasma treatment is applied, and that as the temperature profile is 
asymmetric there is retention of heat at the surface of the composite. 
 
Figure 4.27: The 4 mm thick composite panel during plasma treatment subjected to a traverse 
rate of 0.5 mm/s, as observed using the thermal camera. 
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Figure 4.28 shows temperature traces taken from a fixed point on the panel at various traverse rates. 
The primary effect of reducing the traverse rate is that the maximum temperature achieved, and the 
duration the spot spends at elevated temperature are both increased. The peak temperatures 
achieved for the 10 mm/s and 5 mm/s conditions are both below the 190⁰C threshold that the 
technical datasheet for MTM44 states as the glass transition temperature (MTM MSDS, 2017). This 
suggests that little damage to the resin has probably occurred. However, the 0.5 mm/s plasma head 
raster speeds induced a surface temperature greater than the 190⁰C threshold in both the 2 mm and 
4 mm panel, and subsequently has been overexposed as per the definition in § 4.2.3. A similar heating 
profile is observed in the 0.5 mm/s and 5 mm/s temperature traces as depicted in Figure 4.29, with 
almost identical peak temperatures being achieved. This suggests that the increased panel thickness 
(and hence volume increase) does not appear to offer a significant benefit in terms of a ‘heat sink’. 
This is not unexpected, since composite materials generally show poor through-thickness thermal 
conductivity, which means that increasing panel thickness offers little benefit in conducting heat away 
from the surface. This data is further supported by observations made using a thermocouple placed 
underneath the panels in the path that the plasma treatment followed (see Table 4.4). Although the 
back-face temperature for any given traverse rate is increased in thin panels with respect to thick 
panels, the magnitude of the increase is not proportional to the increase in thickness. At no plasma 
head raster speed did the back-face temperature exceed the Tg of the MTM 44-1 epoxy resin system. 
This might be suggestive that the visual damage as observed in Figure 4.25 is caused by a thermal 
degradation effect. 
 
Figure 4.28: Temperature traces taken using the thermal camera from a fixed point on the thin 
composite panel during plasma treatment at various rates. 
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Figure 4.29: Temperature traces taken using the thermal camera from a fixed point on the thick 
composite panel during plasma treatment at various rates.  
Table 4.4: Summary of the observed peak back face temperatures of thick and thin panels taken 
during plasma treatment. 
Plasma Treatment Description Back face temperature - 
Thick plate (⁰C) 
Back face temperature 
- Thin plate (⁰C) 
Plasma B 10 mm/s 47 ± 0.5 68 ± 0.5 
Plasma C 5 mm/s 53 ± 0.5 87 ± 0.5 
Plasma D 2.5 mm/s 86 ± 0.5 105 ± 0.5 
Plasma E 1 mm/s 89 ± 0.5 124 ± 0.5 
Plasma F 0.5 mm/s 105 ± 0.5 159 ± 0.5 
4.4 Concluding Remarks 
This chapter has described work which investigated the effects that an atmospheric plasma treatment 
(APT) has on the water contact angle and bonded lap joint shear strengths of an MTM 44-1 carbon 
fibre system; the ability of the APT to remove a silicone-based release agent contaminant; and how 
these results manifest over time after treatment. Consideration has also been given to the effects of 
different storage methods post APT, and the identification of an overexposure limit through 
consideration of surface temperature measurements. 
It was concluded that panels should be stored at ambient conditions after APT, and not under a 
vacuum, which promotes the mobility of contaminant present. It is apparent that there is some form 
of plasma decay process, which begins to have an effect almost immediately after the treatment is 
applied. Both lap shear and water contact angle suggest that this decay process is well established 
after 1 week; however further information relating to the surface chemistry is required to determine 
the mechanisms leading to this phenomenon. It is therefore concluded that there is a requirement for 
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a detailed investigation considering the surface chemistry before and after APTs, at points in time after 
treatment, and considering variations in the intensity of the plasma treatment. 
The investigation into plasma overexposure suggests that the maximum temperature achieved at 
5mm/s or greater was comfortably below the glass transition temperature of MTM44 resin. Traverse 
rates of 2.5 mm/s or less caused visible damage to the substrates, and yielded surface temperatures 
above the glass transition temperature of the system, suggesting that for plasma head raster speeds 
slower than 2.5 mm/s, there would be an onset of thermal damage. A more precise limit for the onset 
of damage through overexposure is not apparent, but the results suggest that this occurs at some 
speed between 2.5 and 5 mm/s. The thickness of the composite being treated does not appear to 
have a substantial effect on the surface temperature reached during plasma treatment. This is 
concluded to be due to the poor thermal conductivity properties of the composite material. 
The following chapter investigates the effects that an atmospheric plasma treatment has on the 
surface chemistry and surface topography of an amine cured carbon fibre/epoxy resin composite 
surface. It will also reconsider the water contact angle and bonded lap shear strength of a lap joint 
manufactured using plasma treated surfaces in further detail. In addition, the ability to remove a 
silicone contaminant (a release agent) from the surface will be investigated, as well as the issue of 
how the effects of plasma treatment manifest themselves over time after treatment. 
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 Chapter 5 
Atmospheric Plasma Treatment of 
CFRP: Surface Analytical Techniques 
5.1 Introduction 
Atmospheric plasma treatments have been used in industrial manufacturing process environments as 
a pre-bond cleaning routine for carbon fibre/epoxy resin composites, however only a limited number 
of studies have been undertaken which considered their effectiveness in removing contamination 
from the surface and, of these studies, there have been even fewer that consider the effects on the 
surface chemistry of such plasma treatments on thermosetting polymer composite surfaces. 
This chapter investigates the effects that an atmospheric plasma treatment (APT) has on the surface 
chemistry of a carbon fibre/MTM 44-1 epoxy resin composite, as determined by X-ray photoelectron 
spectroscopy (XPS). It also considers the effects of subjecting coupons contaminated with a silicone-
based release agent, typically used in the production of composite structures, to an APT. These 
investigations consider the effects of varying the plasma head raster speed, indicated in Chapter 4 as 
a variable used to alter the effective plasma treatment intensity, and how the effects of plasma 
treatment manifest themselves over elapsed time after treatment. Water contact angle and single lap 
joint tests have been undertaken to complement the surface chemistry investigations, and to compare 
with the water contact angle and lap joint test data previously presented in Chapter 4. The following 
section outlines the experimental methods and materials used in this investigation. The first sub-
section of the results section describes preliminary investigations undertaken to determine optimum 
experimental procedures.  
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5.2 Experimental Methods and Materials 
5.2.1 Materials 
All tests in this investigation were carried out on coupons cut from MTM44–1 carbon fibre reinforced 
epoxy resin panels prepared with a resin-rich surface finish. After being cut to size, each coupon was 
subjected to a cleaning regime. This entailed lightly wiping the surface with a sheet of Kimwipe blue 
roll dipped in reagent grade isopropyl alcohol. Isopropyl alcohol was chosen after a pre-test 
investigating solvent evaporations, which is discussed in § 5.3.1.1. A typical MTM 44-1 coupon cut to 
50 x 50 mm, can be seen below in Figure 5.1. 
 
Figure 5.1: MTM 44-1 carbon fibre / epoxy coupon used for surface characterisation. 
In order to understand the effects that an APT might have on the surface chemistry, information on 
the chemical constitution of the surface is required. The constituent components of the MTM 44-1 
epoxy resin system, as provided by the materials safety data sheet, are shown in Table 5.1. The MTM 
44-1 system is 10-25 %wt N,N,N’,N’, Tetraglycidyl-4,4’,-diaminodiphenylmethane (TGDDM), which 
includes four epoxy functional groups and two amine groups. The presence of four epoxy groups 
allows for a higher degree of crosslinking than that of a typical epoxy resin system, such as the 
diglycydyl ether Bisphenol A (DGEBA) resin system, which has two epoxy functional groups. 
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Table 5.1: Components of the MTM 44-1 epoxy system, and their respective structures. 
Adapted from Umeco, 2012. 
Component Acronym % wt Molecular 
Formula 
Structure 
N,N,N’,N’-
Tetraglycidyl-4,4’-
Diamino-
diphenylmethane 
TGDDM 10-25% C25H30N2O4 
 
4,4’Methylenebis 
[2,6-Diethylaniline] 
 
Lonzacure® 
M-DEA 
 
5-10% C21H30N2 
 
4,4’-Methylenebis 
[2-isopropyl-6-
methylaniline] 
Lonzacure® 
M-MIPA 
2.5-5% C21H30N2 
 
(Umeco, 2012) 
Where applicable, the Chemlease-41 contaminant was applied using a syringe technique developed 
at BAE Systems Filton, which has been previously outlined in Chapter 4, § 4.2.1. Prior to application, 
the contaminant was diluted with isopropyl alcohol to a pre-determined ratio. The solution was mixed 
using a rotary mixing machine at 1500 rpm for 4 minutes. 0.0091g of the solution was drawn into a 
syringe for every cm2 area in the target specimen, equating to 2.275 g per specimen. This value was 
determined experimentally to be an amount of liquid which would wet the surface area easily without 
overspill (the procedure has been explained previously in Chapter 4, § 4.2.1, which determined that 
whilst a surface concentration of 2 µg/cm2 of neat contaminant was representative of a contamination 
event, a surface concentration of 4µg/cm2 would be representative of a more severe gross 
contamination event). The solution was syringed onto the coupon as evenly as possible and each 
coupon was then tilted as necessary to ensure even wetting. Once the specimen was fully wetted, it 
was quickly placed in a vacuum oven (preheated to 50⁰C) to dry for 1 hour. The materials safety data 
sheet shows three constituent components of the Chemlease-41 and is displayed below in Table 5.2. 
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Table 5.2: Components of the Chemlease-41 release agent, as supplied by Chemtrend. After 
Chemtrend, 2011. 
Component % wt Molecular 
Formula 
Structure 
Heptane 50-100% C7H16  
Solvent naphtha 
(petroleum), light 
aromatic 
27.5-60% C9H12 
(average) 
Multiple potential structures, 
contains 1 aromatic group 
(Chemtrend, 2011) 
5.2.2 Atmospheric Plasma Treatment 
Atmospheric plasma treatments were administered using the same PlasmaTreat OpenAir atmospheric 
plasma treatment equipment used in Chapter 4. The PlasmaTreat OpenAir unit was located at the 
Advanced Manufacturing Research Centre in Sheffield and mounted to a robotic arm. This allowed the 
plasma head to be rastered across the surface of the composite as required and can be seen in  
Figure 5.2.  
 
Figure 5.2: The PlasmaTreat OpenAir APT kit, as located at AMRC Sheffield. Photograph 
taken using an Olympus OM10 mounted with a 50mm lens, at 1/80s, f/4.0, using Ilford 400 film, 
hand developed and processed. 
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Investigations presented in chapter 4 concluded that an APT with a plasma head raster speed of 2.5 
mm.s-1 or below causes visual damage to the substrates and was determined to be a suitable 
overexposure limit. Subsequently, investigations concerning the effect of varying the plasma 
treatment intensity in this chapter consider three plasma head raster speeds. These raster speeds, 
labelled APT1 to APT3, are summarised in Table 5.3. Where applicable, plasma treated samples were 
transported to the University of Surrey in containers that were suitable for each experimental phase 
as described below. 
Table 5.3: Plasma treatment intensities  
Plasma treatment Plasma head raster speed, mm s-1 Treatment level 
APT1 12.5  Low 
APT2 7.5 Medium 
APT3 2.5 High 
 
5.2.3 Water Contact Angle 
Water contact angle (WCA) data provides an indication of the extent to which a surface is wettable. 
In the previous Chapter, photographic investigations concluded that for a stand-off distance of 10 mm, 
the width of the plasma treated area was approximately 20 mm. Through consideration of rastering a 
rotating jet across the surface, it was also concluded that the plasma intensity varies in the form of an 
M-shaped curve across the width. This suggests that there could be several effective zones of differing 
properties that constitute the plasma treated area.   
Subsequently, a series of investigations were designed to understand the effects of varying the plasma 
intensity, through variation of the plasma head raster speed, and time after treatment, on the contact 
angle. Samples were cut to 50 x 50 mm squares and underwent a cleaning regime as outlined earlier 
in § 5.2.1. Samples were mounted in a bespoke sample holder, shown in Figure 5.3, allowing a plasma 
treatment to be administered to each sample at the same location in a repeatable fashion, central to 
the sample. Also seen in Figure 5.3 is the distinctive arcing and plasma plume that are characteristic 
of APTs.  
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Figure 5.3: Photograph showing the bespoke sample holder (Label a) and the atmospheric 
plasma treatment in operation. Photograph taken using a Canon EOS 1300D DSLR mounted 
with a 50mm lens, at 1/80s, f/4.0, ISO 400. 
In order to investigate if there is any difference in water contact angle between the centre and the 
edge of the plasma treated area, three treatment zones were considered. Measurements in zone 1 
(Z1) were expected to be far enough away from the plasma treated area that it would represent an 
as-received surface and acts as a control measurement. Measurements taken in zone 2 (Z2) are 
expected to be representative of the edge of the plasma treated area, where the plasma treatment is 
supposedly more intense. Measurements taken in zone 3 (Z3) are expected to be representative of 
the central region of the plasma treated area. This is illustrated in Figure 5.4.  
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Figure 5.4: Schematic diagram showing positions of water contact angle measurements (bottom) 
with respect to the intensity profile of the atmospheric plasma treatment (top). 
After plasma treatment, water droplets were syringed by hand onto three samples for observations 
on the initial moments after plasma treatment, and photographs were taken for future commentary. 
This was repeated at three hours after treatment.  
The remaining plasma treated samples were then transported to the University of Surrey, and 
measured at 24 hours, 48 hours, 1 week, 2 weeks, and 4 weeks after plasma treatment. WCA droplets 
were deposited onto either the as-received MTM 44-1 CFRP surface, or the Chemlease-41 
contaminated surface, using the Kruss DSA25 Drop Shape Analyser and analysed using the Kruss 
advance software. This software is described in detail in Chapter 2. Data was collected for five points 
in each zone to mitigate for random error. A photograph of the water droplets as administered to a 
contaminated sample subjected to APT3, 1 week after treatment, can be seen in Figure 5.5. The 
plasma treated area can be identified visually through the discolouration in the centre of the sample.  
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Figure 5.5: Water droplets as administered to the contaminated specimen, subjected to APT3, 1 
week after plasma treatment.  
Each water droplet measurement was recorded five times in 1 second intervals, at 10 seconds after 
droplet deposition to allow the droplet to reach a level of stability. This gave 10 values per droplet to 
be averaged. As there were five droplets measured per condition, totalling 50 data points per 
experimental condition, the data was concluded to be robust. The Advantage software was used with 
an ellipse curve fit function, which was appropriate for the angles measured. Figure 5.6 shows a screen 
capture of the Advantage software’s live view. 
 
Figure 5.6: Screen capture of the Advantage software live view. 
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5.2.4 Lap Joint Shear Tests 
Lap joint shear strength tests can be used as an indicative test to observe the effects of contamination 
on mechanical performance. In order to investigate whether or not an APT is an effective pre-bond 
cleaning technique, and whether or not an APT had an effect on the mechanical performance of a 
bonded joint, eight test conditions were selected for consideration. This involved four conditions for 
both contaminated and solvent-wiped surface states; a control condition that was not subjected to 
APT prior to bonding, and conditions where panels were bonded either 24 hours, 48 hours, or two 
weeks after plasma treatment.  
Panels of the amine cured MTM 44-1 carbon fibre/epoxy resin composite were cut to 130 x 100 mm 
and allocated to the required experimental condition. So as to adhere to the relevant test standards 
for lap joint shear strength testing (ASTM D1002, ASTM D3163, and ASTM D3165), five lap joint 
coupons were produced from each pair of panels once bonded. Where appropriate, panels were 
contaminated with the syringe technique outlined in section 4.2.1, or solvent wiped, as outlined in 
section 5.2.1, and where required for the experimental test condition, subjected to APT2 (7.5 mm.s-1) 
at AMRC Sheffield. Panels were then bonded using the Cytec FM 300-2k film adhesive (as supplied by 
BAE Systems MAI) at the University of Surrey. A hot press was used to obtain the required temperature 
and pressure to cure the film adhesive. The panels were cured at 150°C for 60 minutes, at a cure 
pressure of 0.28 MPa. A dummy set of panels were bonded initially, and a thermocouple measured 
the temperature of the platens every 2 minutes over the duration of the cure cycle to ensure 
fluctuations in the cure cycle were minimal. Once 60 minutes had elapsed, the panels were removed 
from the hot press and allowed to air cool. No further thermocouple measurements were taken. This 
cure cycle can be seen in Figure 5.7. The thermocouple used had an accuracy of ±0.1 °C, so for clarity 
the error bars have been omitted. Once the panels were bonded, end tabs were bonded to each 
specimen. The end tabs were produced from the same MTM 44-1 CFRP material and bonded with an 
air curing DP-490 paste adhesive 
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Figure 5.7: Cure cycle for the adhesively bonded lap joints 
5.2.5 Surface Analytical Equipment 
An investigation concerning the effects of atmospheric plasma treatment on the surface roughness of 
the carbon fibre/MTM 44-1 composite will be outlined in § 5.3.1.2. A comprehensive review and 
explanation of X-ray photoelectron spectroscopy (XPS) analysis is given in Chapter 2. For this work, 
XPS was used to assess the surface chemical state of substrates that had been solvent wiped (see  
§ 5.2.1) or contaminated with a silicone-based release agent (see § 4.2.1), both before and after being 
subjected to an atmospheric plasma treatment (APT). XPS is the most suitable technique to analyse 
the surface because it indicates the presence of each constituent element of the carbon fibre/MTM 
44-1 epoxy resin composite, quantifies the amount of constituent elements present, and gives 
information on their chemical state. This is important as it will indicate how the APT has affected the 
surface; it was hypothesised that the APT will cause an increase in oxygen species at the surface, 
indicating surface functionalisation. 
One factor that can affect the amount of surface functional groups is the intensity of plasma treatment 
due to its influence on surface oxidation, as described in the literature review in § 2.5.2. To investigate 
this phenomenon, three different plasma treatments were used of varying intensity. This was 
controlled by adjusting the raster speed across different test coupons, as described in § 5.2.2. Further, 
the literature indicates that the effects of a plasma treatment change over time, and so post-test XPS 
analysis was carried out at various times after treatment. § 5.2.6 outlines the procedures used for the 
surface analysis of solvent-wiped surfaces, whilst § 5.2.7 outlines the procedures used for the surface 
analysis of contaminated surfaces. 
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5.2.6 Surface Analysis of Solvent-Wiped Surfaces 
Twelve coupons of carbon fibre/MTM 44-1 epoxy resin, each 50 x 10 x 4 mm in size, were cleaned 
with a solvent wipe in the same manner as described in § 4.2.1, and then subjected to the plasma 
treatment test regime. Plasma treatments were applied at plasma head raster speeds of either 12.5, 
7.5, or 2.5 mm s-1 (i.e. APT1, APT2 and APT3), in order of increasing plasma intensity respectively. As 
stated in § 5.2.2, plasma treatment was carried out at AMRC Sheffield. Upon completion of APT, 
coupons were mounted onto stubs with double sided adhesive tape and transported to the University 
of Surrey in sample containers (Figure 5.8). Specimens were either pumped down for analysis in the 
case of the 24 hours and 48 hours after treatment conditions or allowed to age in a desiccator jar prior 
to XPS analysis for 1 week or 2 weeks after treatment.  
 
Figure 5.8: Photograph of samples mounted onto stubs and in sample container, as necessary 
for transport. 
XPS investigations were undertaken at the University of Surrey surface analysis laboratories using a 
Thermo Scientific K-alpha+ spectrometer. A monochromatic AlKα X-ray source was used, collecting 
data from a circular spot 400μm in diameter. Data was acquired and processed using the Thermo 
Scientific Avantage v5.977 software. Acquired spectra were corrected to a C1s peak binding energy of 
285.0 eV, as concluded from the literature survey. An investigation into the effects of subjecting a 
coupon to an additional drying cycle in a vacuum oven, with the motivation to reduce the time taken 
for the coupon to pump down in the XPS load lock chamber, is discussed in § 5.3.1.3. Once pumped 
down to the required vacuum, a series of point analyses collecting survey spectral data in the form of 
a line scan analysis was set up in the Avantage software. This line scan was 43.7 mm in length, 
consisted of 20-point analyses at 2.3 mm intervals, and designed to include areas both inside and 
outside of the plasma treated area. The line scan was orientated such that it intersected the plasma 
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treated area perpendicularly, which allowed for a spectroscopic cross-section of the atmospheric 
plasma treated region. This can be seen schematically in Figure 5.9. 
 
Figure 5.9: A schematic diagram showing the position of the XPS line scan analysis with respect 
to the direction of the APT raster path. 
5.2.7 XPS Analysis of Contaminated Surfaces 
In order to understand the effectiveness of APT in removing a silicone-based release agent from a 
surface, it is crucial to understand how the inconsistency with a contaminant is applied to a sample. 
An investigation into the contaminant consistency is presented in § 5.3.1.4. To determine the effects 
of an APT on a contaminated surface, a novel XPS method has been designed (illustrated schematically 
in Figure 5.10). Firstly, samples were cut to 50 x 10 mm rectangles (in the same manner as shown in 
Figure 5.8), as this would allow multiple samples to fit onto the XPS stage. A cut-out was introduced 
to the top right-hand corner of the sample, to aid with sample orientation. The samples were then 
subjected to the cleaning regime outlined in § 5.2.1, and then the Chemlease-41 contaminant was 
applied using the syringe technique, outlined in § 4.2.1. Once in the XPS analysis chamber, the bottom 
corner coordinates of the sample, A and B, were recorded. From these co-ordinates the centre point, 
O, of the sample was found, and a series of five line scans were defined through coordinates a’ and b’ 
(Figure 5.10). The line scans were positioned in such a way that they were at least 2 mm from the 
lower edge of the sample, to prevent accidental transfer of contamination during handling. Each line 
scan recorded survey spectra at 10 points, in order to produce a 5 x 10 analysis array. The Si2p signals 
were then processed using Equation 5.1 to obtain an array of contaminant thicknesses. The sample 
was then later subjected to the desired APT. As the pre-APT analysis array was clearly defined through 
sample coordinates, the coordinates of the post-APT analysis array could be found, and the sample 
can be re-characterised at the same points. The reacquired survey spectra could then be processed to 
obtain an array of post-APT contamination thicknesses, which can be compared to the contamination 
thicknesses obtained prior to APT.  
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Figure 5.10: Schematic diagrams of the method used to acquire XPS data employed to 
determine contaminant thickness, and removal. 1) Samples are cut to size. 2) Contamination is 
applied using syringe technique. 3) Sample co-ordinates are determined, analysis array defined, 
and XPS survey spectra acquired. 4) Sample is subjected to desired APT. 5) Analysis array 
redefined, and XPS survey spectra reacquired. 
5.3 Results and Discussion 
5.3.1 Preliminary Investigations 
5.3.1.1 Solvent Evaporation Observation  
A study into the effects of leaving droplets of solvents typically used for cleaning on the surface of 
coupons of the MTM 44-1 was undertaken. The motivation was to observe the solvent evaporation, 
and to comment and observe any visual changes to the surface of the coupons, as this would give an 
indication on the most appropriate solvent to use. Acetone and isopropyl alcohol, both supplied by 
Sigma Aldrich, were chosen due to their typical usage as laboratory grade solvent cleaning fluids, and 
water was included as a comparison. Four droplets of either acetone, isopropyl alcohol or water were 
deposited via pipette onto the surface of the coupons. Figure 5.11 shows the three coupons 10 
minutes after the solvents were deposited. After 10 minutes, the droplets of water had not 
evaporated. It can be seen in Figure 5.11 that the droplets of acetone left ring-like features of residue 
after it had evaporated. The isopropyl alcohol droplets left no residue after evaporation, which is 
indicative of a volatile solvent. After further comparisons with the literature in Chapter 2, isopropyl 
alcohol was chosen as the solvent cleaning fluid for all further investigations.  
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Figure 5.11: MTM 44-1 coupons with solvent carriers dropped onto surface. From left: acetone, 
water, isopropyl alcohol. 
5.3.1.2 Surface Roughening Effects of APT 
Atomic force microscopy (AFM) is a surface analytical tool that is used to determine the surface 
roughness of a sample (this technique is described in detail in § 2.4.3). A Brüker Dimension Edge AFM 
was used to determine the Ra value of a sample that had been subjected to atmospheric plasma 
treatment (APT). Three analysis areas 20 x 20 µm2 in size were measured both inside and outside the 
plasma treated region, for a total of six analysis areas. The AFM tip was set to tapping mode for data 
collection. Data was processed using the Brüker Nanoscope software, which is also described in 
Chapter 2. A schematic diagram showing the positions of each AFM measurement is shown in Figure 
5.12. 
 
Figure 5.12: A schematic diagram showing the positions of AFM measurements, each 
measurement considering an area 20 x 20 µm in size. 
Measurements taken outside of the plasma treated area are labelled with the prefix A, whilst 
measurements taken within the plasma treated area are labelled with the prefix B. All measurements 
were taken at least 5 mm away from the edge of the sample. The surface roughness for the six points 
are presented in tabular format in Table 5.4, and examples of the surface roughness maps as produced 
by the Nanoscope software are presented in Figure 5.13. 
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Table 5.4: Surface roughness measurements for positions outside and within the plasma treated 
area, for a sample that was subjected to APT2. Measurements were taken 24 hours after plasma 
treatment. 
Nomenclature 1 2 3 Average 
Ra, nm 
Outside of plasma 
treated area (a) 
9 14 10 11 
Within plasma 
treated area (b) 
60 61 56 59 
 
Figure 5.13: Typical AFM images of (a) the as received condition, and (b) the plasma treated 
region, 24 hours after being subjected to APT2, as produced using the Nanoscope software. Note 
the different height scales for the images. 
5.3.1.3 XPS pump-down investigation  
When characterising materials with XPS, it is necessary to pump specimens down to ultra-high vacuum 
pressures in the order of 10-7 mbar. Composite materials that are pumped-down to pressures of this 
magnitude will undergo an outgassing process, which slows down the pump-down procedure.  
When considering the post atmospheric plasma treatment behaviour of the MTM 44-1 samples, a 
reduced sample pump-down time is advantageous. Coupon specimens were initially 50 x 50 mm in 
area so as to reduce errors that arise in contaminant application. However, concerns were raised that 
samples of this size would take a considerable amount of time to pump down. It was suggested that 
a drying regime in a vacuum-assisted oven might increase the pump-down procedure. In doing so, the 
time between plasma treatment and analysis might be reduced. Subsequently, a preliminary 
experiment was designed to consider the effect of a 1 hour drying cycle in a vacuum oven on pump-
down time. The pump-down curves for two samples were obtained by monitoring the load lock 
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chamber pressure over time. One sample was subjected to a drying cycle in a vacuum oven for 1 hour; 
the remaining sample was pumped down as-received. Figure 5.14 shows the pump-down curves for 
the two experimental conditions. 
 
Figure 5.14: Vacuum pump-down curves for an as-received sample (baseline) and a sample 
subjected to a drying cycle, showing pressure data from 30 minutes into the pump-down cycles. 
It can be seen that the as-received (baseline) condition stabilised at lower pressures than the sample 
subjected to a drying cycle. Both conditions reached a stable pressure at approximately 8 hours of 
pumping down. The 1 hour drying cycle did not reduce the time taken to reach a target pressure, and 
it was concluded that an additional drying cycle was unnecessary. 
5.3.1.4 Consistency of Contaminant Application 
The consistency of the application of contamination was made by considering the contaminant 
thickness on the coupons prior to atmospheric plasma treatment. The thickness of the contaminant 
layer can be determined using a Beer-Lambert approach, which is described in detail in Chapter 2. This 
approach relates the thickness of an overlayer, in this case a thin layer of contamination, to the 
intensity of the received signals obtained using XPS spectrum. The contaminant over layer thickness, 
d, and can be calculated to be: 
𝒅 =  𝝀 𝐜𝐨𝐬 𝜽 𝐥𝐧 (
𝑰∞
𝑰∞−𝑰𝒅
)    Equation 5.1 
Where λ is the mean attenuation length of an electron, taken to be 3.5 nm, θ is the take-off angle of 
the incident beam of monatomic electrons, which in the case of the Thermo Scientific K-alpha XPS is 
90°, Id is the quantified spectral peak area of the contaminant, bound by the peak and the baseline, 
and I∞ is the quantified spectral peak area of an infinitely thick layer of the contaminant. An infinitely 
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thick layer, in XPS terms, is a layer that has a thickness that is outside of the interaction volume. For 
the Thermo Scientific K-Alpha+, this interaction volume is in the order of 6 µm (Watts and 
Wolstenholme, 2003). As the contaminant is a silicone-based release agent it makes logical sense to 
use the Si2p peak, which is characteristic of the presence of silicon, to determine the contaminant 
over layer thickness.  
In the first attempt to obtain a value for I∞, a microscope slide was sputtered with gold to produce a 
50 nm layer. On this slide, a layer of neat Chemlease was applied using the syringe technique and dried 
in an oven at 50°C for 1 hour. Using a spot size of 400µm, spectral data was acquired in the form of a 
point analysis. The survey spectrum for this sample can be seen below in Figure 5.15, with annotations 
identifying the main peaks observed.  
 
Figure 5.15: Survey spectrum for a microscope slide sputtered with 50 nm of gold. One layer of 
neat Chemlease-41 contaminant applied was using the syringe method and dried in an oven at 
50°C for 1 hour. 
It can be seen that the Au4f peak is present in this spectrum, which is indicative that the contaminant 
thickness is less than the analysis depth of XPS, and consequently not infinitely thick. A second attempt 
involved applying a layer of contaminant to the microscope slide, as before, and then repeating the 
procedure twice for a total of three coatings. The survey spectra for this sample can be seen in Figure 
5.16, with annotations to identify the main peaks observed. 
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Figure 5.16: Survey spectrum for a microscope slide sputtered with 50 nm of gold. Three layers 
of neat Chemlease-41 contaminant was applied to the microscope slide. 
It can be seen that the Au4f peak is not present in the above spectrum, which is indicative that the 
total contamination thickness is, in terms of XPS analysis, infinitely thick. Consequently, the peak 
intensity of the Si2p would be suitable for the I∞ term in the Beer-Lambert equation. 
Using the above approach, contaminant thickness was determined over a 50 point array covering a 5 
x 30 mm area for 11 samples (for a total of 550 points), and were found to be in the range of 0.5 - 3 
nm before plasma treatment. This suggested that the contaminant application was consistent. Using 
this procedure to process the XPS signals of the Si2p peak, a contaminant thickness map can be 
produced. One example of this is displayed below in Figure 5.17, which shows a 3D rendering of the 
pre-APT contaminant thickness map for a typical sample over the analysis array. Nominal positions of 
the individual positions in their respective line scan are displayed. 
 
Figure 5.17: A 3D plot of the contaminant thicknesses over the analysis array for a typical 
sample prior to atmospheric plasma treatment. 
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5.3.2 Water Contact Angle 
Figure 5.18 shows a photograph of a solvent-wiped water contact angle (WCA) coupon that had been 
subjected to APT2 (7.5 mm/s), showing areas of lower WCA in the plasma treated region. This 
photograph was taken within 15 minutes of plasma treatment. For all conditions, the WCA 
measurements taken in Z1 (See Figure 5.4) were representative of either the solvent-wiped or 
contaminated surface, which indicate that measurements taken in Z1, i.e. outside of the plasma 
treatment, were not affected by the plasma treatment.  
 
Figure 5.18: A photograph of a solvent-wiped WCA coupon that had been subjected to APT2 
(7.5 mm/s), showing areas of lower WCA in the plasma treated region.  
Interestingly, WCA measurements taken in Z2, i.e. on the edge of the plasma treated region, were 
found to elongate towards the direction of the plasma treated area once deposited, which can also be 
seen in Figure 5.18. In all cases, Z2 measurements yielded values similar to those obtained at Z3, i.e. 
in the centre of the plasma treated region, however in some cases exhibited a greater range of values. 
This is due to the fact that whilst all the droplets were deposited at the edge of the treatment, some 
droplets wicked towards the centre of the treated area, and some remained at the point of deposition. 
Table 5.5 presents the WCA values for both the solvent wiped surface and the contaminated surface 
after having been subjected to APT2 (7.5 mm/s raster speed). 
  
1 mm 
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Table 5.5: Water contact angles for an area outside (Z1), on the edge (Z2), and in the centre 
(Z3) of the plasma treated region, at intervals in time after being subjected to APT2 (7.5 mm/s). 
Water contact angle after being subjected to APT2 
 24 hours 48 hours 1 week 2 weeks 4 weeks 
Solvent wiped surfaces 
Z1 67.6 ± 0.2 67.4 ± 0.2 63.9 ± 0.1 70.7 ± 1.1 68.8 ± 0.6 
Z2 25.3 ± 0.4 27.1 ± 0.4 28.7 ± 0.3 35.2 ± 1.0 33.0 ± 0.4 
Z3 25.0 ± 0.4 26.5 ± 0.4 28.2 ± 0.4 28.8 ± 0.4 31.0 ± 0.4 
Contaminated Surfaces 
Z1 97.2 ± 1.0 92.1 ± 0.6 101.8 ± 0.2 98.1 ± 0.1 101.0 ± 0.3 
Z2 22.1 ± 0.8 30.8 ± 0.5 31.8 ± 0.7 36.2 ± 0.3 36.5 ± 0.5 
Z3 24.7 ± 0.6 29.0 ± 0.5 27.9 ± 0.4 35.9 ± 0.4 37.6 ± 0.5 
 
The water contact angle (WCA) measurements for the solvent wiped surfaces and contaminated 
surfaces are shown in Figure 5.19 and Figure 5.20 respectively, and presented in tabular form in  
Table 5.6 as a function of time. Not shown in Table 5.6 are the initial solvent wiped surface WCA of 67 
±1°, and the initial contaminated surface WCA of 98 ±1°. It was found that the WCA increased as a 
consequence of the presence of the hydrophobic contamination, which was expected. Following one 
pass of APT, both the solvent wiped and contaminated surfaces showed a sharp reduction to WCA 
values of 25.0° and 24.7°, respectively, after 24 hours. This indicates a significant change in the surface 
chemistry for both samples.  Subsequently, the solvent wiped surface appeared to exhibit a slight 
increase in WCA over time for all raster speeds, by up to about 10° after 4 weeks. Similar behaviour 
was seen for the contaminated surfaces after APT (again, for all raster speeds), though with a slightly 
higher WCA (by about 6°) for all raster speeds. The modest increases in the WCA of both the solvent 
wiped and contaminated surfaces may be due to hydrophobic recovery mechanisms, such as diffusion 
of low molecular weight silicone fluid from the bulk contaminant to the surface of the contaminant in 
the case of contaminated samples, or condensation of surface hydroxyl groups, for example  
(Vickers, 2000). 
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Table 5.6: Water contact angles for the three plasma treatments at intervals in time after 
treatment. 
Water contact angle 
 24 hours 48 hours 1 week 2 weeks 4 weeks 
Solvent wiped surfaces 
APT1 27.4 ± 0.4 30.7 ± 0.4 30.7 ± 0.5 31.5 ± 0.4 37.4 ± 0.4 
APT2 25.0 ± 0.8 26.5 ± 0.4 28.2 ± 0.4 28.8 ± 0.4 31.0 ± 0.4 
APT3 25.0 ± 0.8 25.9 ± 0.5 25.5 ± 0.6 26.1 ± 0.2 27.5 ± 0.6 
Contaminated Surfaces 
APT1 23.2 ± 0.2 29.3 ± 0.3 27.9 ± 0.4 38.5 ± 0.5 40.9 ± 0.5 
APT2 24.7 ± 0.6 29.0 ± 0.5 27.9 ± 0.4  35.9 ± 0.4 37.6 ± 0.5 
APT3 19.1 ± 0.3 23.0 ± 0.7 31.9 ± 0.3 35.9 ± 0.4 33.2 ± 0.5 
 
It is interesting to note that the increase in WCA for the contaminated surfaces (characteristic of a 
decrease in bondability) does not correlate in an obvious way with the lap shear data, because the 
bond strength was found experimentally to increase with time after treatment (Figure 5.21). A 
possible explanation (although perhaps, at first sight counter-intuitive) is that when the release agent 
is subjected to APT, low molecular weight volatile oligomers diffuse over time into the adhesive and 
substrate, and form interpenetrating networks that strengthen the adhesive bond (Kim et al., 2001).  
However the contaminated surface shows a significant increase in hydrophobicity with time (WCA 
increasing from around 20° to 40° after four weeks), whereas the solvent wiped surfaces show a much 
less striking increase in WCA. The water contact values obtained for APT2 are consistent with the 
corresponding values obtained in Chapter 4 after being subjected to the plasma treatment Plasma A, 
which also used a plasma head raster speed of 7.5 mm/s.  This further indicates that these values are 
repeatable and robust. 
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Figure 5.19: Water contact angle vs time measurements for the solvent wiped surfaces, 
subjected to plasma treatments.  
 
Figure 5.20: Water contact angle vs time measurements for contaminated surfaces, subjected to 
plasma treatments. 
5.3.3 Lap Shear Joint Tests 
The average failure strengths and standard deviations for the lap shear test coupons of each 
experimental condition (from left: solvent-wiped control, solvent wiped and 24 hours, 48 hours, and 
2 weeks after APT, contaminated control, contaminated and 24 hours, 48 hours, and 2 weeks after 
APT) are shown in Figure 5.21. Compared to the datasheet values for the failure strength of the 
FM300-2K film adhesive (Cytec, 2020), the failure strengths of the solvent-wiped control condition lap 
shear joint test specimens were lower by some 40% and were consistently lower for the remaining 
seven test conditions. This reduction strength might have been due to either i) out-lifing of the film 
adhesive or ii) water ingress during the storage and transition of the film adhesive from BAE Systems 
Samlesbury to the University of Surrey. The solvent wiped control condition showed a failure strength 
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of about 15 MPa. After being subjected to one pass of an APT the shear strengths showed a small 
reduction in average failure strength of about 13% over the elapsed time periods investigated, which 
varied between 24 hours and 2 weeks after treatment. This suggests that APT can have a small, but 
nevertheless detrimental, effect on the bondability of initially clean surfaces. At this point it is 
informative to return to the surface roughness values determined by AFM, as discussed in § 5.3.1.2.  
It is well established that many thermoplastic polymers undergo a smoothing, i.e. a reduction in 
roughness value, on treatment by plasma, corona and so forth, which is always ascribed to localized 
surface melting.  This is clearly not the case with thermosetting composite matrices such as the one 
here.  Ablation of the resin increased the surface roughness from a Ra value of 11 nm to 59 nm.  Such 
an increase in surface roughness might be expected to lead to an increase in adhesion as a result of 
the increased interfacial contact between substrate and adhesive but the data of Figure 5.21 show no 
evidence of such behaviour. 
For the contaminated surfaces, as expected, the consequence of the contamination was a significant 
reduction in failure strength from 15 MPa to about 4 MPa (a reduction of about 74%). However, after 
plasma treatment and then bonding the specimens at time periods between 24 h and 2 weeks, the 
lap shear strength increased from about 4 MPa to about 11 MPa after two weeks. These results show 
(a) that the plasma treatment was effective in reducing the effect of the contamination, and (b) that 
a delay in bonding the specimens for up to 2 weeks after the plasma treatment had the effect of 
increasing the bond strength of the joints. Clearly, the APT did not have the effect of completely 
restoring the bond strength, but up to 76% of the original (uncontaminated) solvent wiped bond 
strength was recovered. 
 
Figure 5.21: Average failure strengths for each of the experimental conditions. Error bars 
represent the standard deviation of values for each condition. 
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5.3.4 XPS Analysis of Solvent Wiped Surfaces 
XPS has been used in an attempt to understand the effect of the APT on the solvent wiped surfaces 
before and after treatment (the effect of APT on contaminated surfaces is discussed in the following 
section). XPS survey spectra for (a) a solvent wiped surface and (b) a surface 24 hours after APT2 are 
shown in Figure 5.22. The surface concentrations of the elements present are shown in Table 5.7. It 
can be seen (Figure 5.22a) that three distinct peaks characteristic of carbon, oxygen, and nitrogen 
atoms are present, which is to be expected of an amine cured composite matrix. Trace amounts (< 0.1 
atomic %) of silicon were also observed. After being subjected to one pass of APT2 (Figure 5.22b), the 
surface concentration of oxygen increases, leading to a change in C/O ratio from 4.2 to 2.3. This is in 
agreement with the sharp decrease in WCA shown by the solvent wiped surfaces, as the formation of 
additional oxygen containing functional groups at the surface would lead to an increase in surface free 
energy, and a subsequent reduction in WCA, as described previously.  
 
Figure 5.22: (a) XPS Survey spectrum for a solvent wiped sample. (b) XPS Survey spectrum for 
a solvent wiped sample, 24 hours after being subjected to APT. 
Table 5.7: Quantitative XPS analyses for the solvent wiped surface and 24 hours after being 
subjected to atmospheric plasma treatment. 
 
Surface concentration / atomic % 
 
C O N Si 
Solvent wiped 75.2 17.9 6.8 Trace 
APT2 + 24 hours 64.5 27.3 8.1 Trace 
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As discussed previously in Chapter 2, through the consideration of high-resolution peak spectra, it is 
possible to deduce the presence of individual functional groups at the surface of the material. The 
high-resolution core spectra of the C1s peak showed an increase in oxygen containing moieties as a 
result of plasma treatment. Six functional groups were present at the surface, as observed in  
Figure 5.23. These groups have been presented in tabular form in Table 5.8.  
 
Figure 5.23: Peak fitted spectra showing the C1s peak in (a) the solvent wiped condition, and (b) 
the plasma treated region, 24 hours after being subjected to APT2. 
 
Table 5.8: Functional groups observed in the C1s high resolution spectra region in the solvent 
wiped condition and 24 hours after APT2. 
Nomenclature (i)  (ii) (iii) (iv) (v) (vi) 
Functional group C-C C-N C-O O-C=O N-C=O π- π 
Peak binding energy, eV 285.0 286.0 286.8 288.2 289.5 291.3 
Surface concentration 
before APT, Atomic % 
58.3 17.5 13.6 7.1 1.7 1.8 
Surface concentration 
after APT, Atomic % 
52.9 16.2 13.7 9.8 6.2 1.2 
Ratio of peak to peak (i) 
before APT 
1.00 0.30 0.23 0.12 0.03 0.03 
Ratio of peak to peak (i) 
after APT 
1.00 0.31 0.26 0.19 0.12 0.02 
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Whilst an increase in the surface presence of oxygen containing C1s species can be observed, this 
difference is perhaps not obvious to the untrained reader. Certainly, plotting six functional groups and 
how they change over time would lead to a cluttered figure that would not be particularly informative. 
However, a more striking change was observed in the N1s core spectra. After APT the N1s peaks can 
be resolved into two components, characteristic of organic nitrogen present at a binding energy of 
about 400 eV as a result of the amine curing agent, and a secondary peak at about 402 eV 
characteristic of N-O bonds that have arisen as a consequence of surface oxidation of the amine 
component of the matrix as a result of exposure to APT. This is clearly seen in Figure 5.24. 
 
Figure 5.24: Peak fitted spectra showing the N1s peak in (a) the solvent wiped condition, and (b) 
the plasma treated region, 24 hours after being subjected to APT2. 
Figure 5.25 shows the surface concentration of this secondary peak plotted as a function of position 
along the line xx (see Figure 2(a)) for 24 hours, 48 hours, 1 week and 2 weeks after being subjected to 
APT2 (7.5 mm/s).  There was little difference in the surface concentration of the oxygenated nitrogen 
moieties between 24 and 48 hours. However, a significant reduction was observed from 48 hours to 
1 week, at which time the surface concentration of the oxidized nitrogen moieties stabilised. This 
reduction in oxidized nitrogen moieties over time correlates well with the reduction in the WCA data, 
and suggests hydrophobic recovery in the form of rotation or reorientation of the polar functional 
group from the surface towards the bulk material, over the course of 2-7 days.  This is a longer 
timeframe compared to hydrophobic recovery mechanisms observed for thermoplastic polymers 
according to the literature (Lim et al., 2002; Mohan et al., 2015) and may be result of the degree of 
crosslinking of the thermosetting epoxy system.   
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Figure 5.25: Intensity profiles of the oxygenized nitrogen moieties present on the N1s peak 
(inset, shaded) as a function of position along the width of the APT raster path, recorded at 24 
hours, 48 hours, 1 week and 2 weeks after treatment.  
5.3.5 XPS Analysis of Contaminated Surfaces 
The XPS survey spectra for a contaminated sample, and a contaminated sample 24 hours after being 
subjected to APT2, are shown in Figure 5.26, together with some of the quantitative XPS data shown 
in Table 5.9. It can be seen that there are two peaks characteristic of the presence of the silicon-
containing contaminant, one at about 102 eV (Si2p) and one at about 154 eV (Si2s). The N1s 
concentration has dropped significantly when compared to the solvent wiped specimens, as a result 
of the contaminant overlayer attenuating the N1s signal. The Si2p peak intensity does not appear to 
vary much between the two conditions, with an increase from 23.9 at. % to 25.0 at. %, whilst the Si2p 
peak binding energy of the plasma treated sample has increased from ca. 102.8 eV to 103.7 eV. This 
suggests that the APT is causing the silicon in the contaminant to react with the oxygen species in the 
plasma to produce a masking SiO2 layer. Consideration of the surface concentration present for the 
plasma treated area yields close to stochiometric for SiO2. The level of carbon is low, suggesting 
adventitious carbon.  Spectra of the Si2p peak before APT and 24 hours after APT are shown in Figure 
5.27, where the significant chemical shift as a result of APT is readily observed. This indicates a 
significant change in the chemistry of the silicon atoms in the two samples; the contaminated 
condition (Si2p = 102.8 eV) is indicative of silicon present as an organic silicone, i.e. the release agent. 
On exposure to APT the peak position of the Si2p moves by some 1 eV and is now indicative of silicon 
in an inorganic form, i.e. silicon dioxide (silica). In summary, the APT has transformed the silicone 
release agent into an extremely thin layer of SiO2.  
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Figure 5.26: (a) XPS Survey spectrum for a sample contaminated with a 3 nm layer of 
Chemlease-41 EZ. (b) XPS Survey spectra for the same contaminated sample, 24 hours after 
being subjected to an atmospheric plasma treatment. 
Table 5.9: Quantified surface concentration of elements present (a) a contaminated surface (b) 
24 hours after being subjected to APT2. 
 
Surface concentration / atomic % 
 
C O Si N 
Contaminated surface 44.8 29.3 23.9 2.0 
APT2 + 24 hours 14.8 58.9 25.0 1.2 
 
Figure 5.27: XPS spectrum in the 95-110 eV region, showing the Si2p peak for contaminated 
specimens. (a) A typical Si2p peak prior to APT, observed at a binding energy of 102.8 eV. (b) A 
typical Si2p peak 24 hours after being subjected to APT2, observed at a binding energy of 103.7 
eV. 
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Returning to the peak fitting of the Si2p spectrum of Figure 5.27, it is clear that there is a small amount 
of asymmetry on the peak which is predominantly indicative of SiO2.  This can be seen by close visual 
inspection but is also evident in a slight increase of the peak width; the full width at half maximum 
(FWHM) having increased from 2.2 eV to 2.4 eV.  Peak fitting of the spectrum (Figure 5.28) shows that 
there is a small but significant contribution from the silicone release agent in addition to the dominant 
SiO2 contribution.  The ratio of the concentrations of SiO2 to silicone is 2.4.  There are two possible 
reasons for the presence of the silicone in the APT track; conversion of silicone to silica has not been 
completely achieved within the depth scale sampled by XPS (ca. 5 nm), or silicone has diffused from 
the untreated region of the surface to contaminate the APT track.  For reasons to be discussed more 
fully in the next section, the latter possibility is the more likely, as some 24 hours elapsed between 
APT treatment and XPS analysis, allowing ample time for such surface diffusion of these volatile 
species to occur.  
 
Figure 5.28: A typical peak fitted XPS spectrum of Si2p peak, 24 hours after being subjected to 
APT. 
As described above, there is a significant change in the chemistry of the release agent as a result of 
exposure to APT. In order to examine the uniformity of such changes, as assessed by the Si2p XPS 
spectrum, the linescan approach for the XPS data so-far described was extended to an array of five 
linescans, as shown schematically in Figure 5.10. The binding energies of contaminated samples 
subjected to the three plasma treatments are compared in Figure 5.29, which presents a heat map of 
the peak binding energies over a 5 x 30 mm analysis array. It can be seen that prior to treatment, a 
contaminated sample presents a consistent peak binding energy of about 102.7 eV, highlighted by the 
blue region. As the intensity of the plasma treatment increases (by means of a reduction in plasma 
head raster speed), it can be seen that the effective plasma treated area, highlighted by the green 
region, widens. It can be also be seen that an increase in plasma intensity does not affect the maximum 
peak binding energy, although the edges of the APT track always show a slightly lower binding energy.  
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Figure 5.29: 3D representation of the Si2p peak binding energy, indicating the chemical form of 
the silicon: (a) a typical sample before plasma treatment; (b), (c) and (d) show the same 48 
hours after being subjected to APT1, APT2, and APT3, respectively. 
The peak binding energies of contaminated samples subjected to APT3 at 24 hours, 48 hours, and 2 
weeks after treatment are compared in Figure 5.30. There is little change in the Si2p peak binding 
energy from 24 hours to 48 hours after treatment for all plasma treatments. However, a slight 
reduction between 48 hours and 2 weeks was observed. The thin layer of silica remains remarkably 
constant over the time periods investigated, with no significant change in either the binding energy of 
the Si2p (indicating no diffusion of release agent onto the treated surface from untreated regions) or 
in the surface concentration of silicon (indicating no attenuating layer of carbonaceous material has 
been adsorbed). 
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Figure 5.30: 3D representation of the Si2p peak binding energy (a) a typical sample before 
plasma treatment, and peak binding energies after being subjected to APT3 (b) 24 hours, (c) 48 
hours, and (d) 2 weeks after treatment. 
Associated with the systematic move to a very slightly lower binding energy, as evident in Figures 5.29 
and 5.30, there is also an increase in the FWHM of the Si2p spectrum.  As noted above, the FWHM of 
the Si2p spectrum for the contaminated surface is 2.2 eV, whilst 24 hours after APT this increased to 
2.4 eV.  The peak fitting of the Si2p spectrum (Figure 5.26) indicates of some 30% of silicone (of the 
total silicon) at the treated track.  A typical analysis some 48 hours after treatment gives a FWHM of 
2.9 eV and the peak fitting is shown in Figure 5.31. The SiO2 to silicone ratio is 1.8, indicating that the 
silicone concentration within the APT track has now increased to 36% of the overall silicon assay.  The 
observation of an increase in silicon concentration as a function of time, is indicative of a process such 
as the surface diffusion of the silicone species, particularly oligomers and other low molecular weight 
species, towards the treated surface.  The initial SiO2 surface, when formed, will have a very high 
surface free energy and thus both a kinetic and thermodynamic driving force for the deposition of the 
silicone species exists.  Once this has occurred in the early stages following APT the reduction in 
surface free energy, achieved by the adsorption of silicone, will remove the thermodynamic driving 
force.  Thus, the extent of silicone deposition within the APT track is much greater in the early stages 
following the APT process. 
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Figure 5.31: A typical peak fitted XPS spectrum of Si2p peak, 48 hours after being subjected to 
APT. 
5.4 Concluding Remarks 
The effects that an atmospheric plasma treatment has on the surface of a solvent wiped amine cured 
CFRP composite, and a surface that has been contaminated with a 0.5-3 nm layer of silicon containing 
release agent has been investigated through the consideration of single lap shear bond strengths and 
surface analysis techniques. The results indicate that the water contact angle (WCA) reduced as a 
consequence of APT treatment of both solvent wiped and contaminated surfaces, which is believed 
to be due to an increase in oxygen containing species at the surface as a result of APT. Modest 
increases in the WCA of the contaminated surfaces over time are suggested to be due to a 
hydrophobic recovery mechanism; however, these increases do not correlate with the increase in the 
contaminated lap shear failure strengths over time (the bond strength would be expected to decrease 
as WCA increases). AFM has shown that the surface roughness of the solvent wiped surface 
significantly increased as a result of APT. XPS has shown that silicon containing species react with 
oxygen species in the plasma and form a silica layer, as opposed to being fully removed from the 
surface of the composite. 
The following Chapter considers the lap shear joint failure surfaces in further detail, through 
considering spectrographic and fractographic information obtained at corresponding locations on 
either side of the failure surface. This has been undertaken so as to understand how the silicon 
containing release agent behaves after bonding, and to describe the implications of the formation of 
inorganic silica species as a result of atmospheric plasma treatment in an attempt to determine 
whether interpenetrating networks have been formed across the bond. In addition, an investigation 
is presented into the degradation of bromine species present in the film adhesive used in 
manufacturing the lap shear joints as a result of exposure to x-rays during lengthy XPS analyses.
Chapter 6. Fractographic and Spectroscopic Paired Analysis of Failed Lap Shear Joints Treated with 
APTs 
110 
 
Chapter 6  
Fractographic and Spectroscopic Paired 
Analysis of Failed Lap Shear Joints 
Treated with APTs 
6.1 Introduction 
The presence of a contaminant at an adhesive bond interface may form a weak boundary layer which 
is known to reduce the failure strength of the bonded structure. Atmospheric plasma treatments have 
been investigated as a pre-bond cleaning routine as a technique to mitigate the effects of surface 
contamination. In Chapter 5, it was found that silicon containing species present at the surface of a 
carbon fibre/epoxy resin composite react with oxygen species in the atmospheric plasma treatment 
plume to form a silica layer, as opposed to being fully removed from the surface of the composite. It 
was found that as the time after plasma treatment increased, the strength of the lap joint shear test 
specimens also increased. Further, it was concluded that organic silicon species migrate to areas of 
higher surface free energy through surface diffusion over time. The next logical step in the 
investigative procedure is therefore to determine the presence and nature of silicon species at the 
locus of failure of adhesive bonds after mechanically testing specimens to failure. 
This chapter concerns the fractographic and spectroscopic paired (i.e. mirror images of the failure 
surfaces) analysis of the failure surfaces of lap joint shear test specimens, previously tested to failure 
in Chapter 5. It considers the point to point comparison of surface chemistry and presents micrographs 
of the regions at which the surface chemical data was acquired. XPS mapping techniques have been 
used to investigate lap-shear adhesion loss mechanisms due to corrosion for galvanised steel lap 
shears (Haack et al., 1993) and the surface chemical effects of plasma treatments on thermoplastics 
(Birer, 2015). Whilst XPS chemical data acquired from points on a peel-ply prepared lap shear fracture 
surface have also been mapped and were compared with SEM imagery (Holtmannspötter et al., 2013), 
it is apparent that there is sparse literature concerning point to point comparison of XPS data paired 
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with SEM imagery of fracture surfaces. Subsequently, the approach to present the surface chemistry 
data in this chapter is concluded to be novel. 
Further, an investigation into the X-ray degradation of bromine species present in the film adhesive, 
typically added to polymers for their flame-retardant properties, is presented to establish the stability 
of samples that are subjected to lengthy surface analysis investigations. 
6.2 Experimental Methods 
6.2.1 Materials 
This chapter concerns a detailed investigation by XPS and SEM fractography into the lap joint shear 
test specimens that were tested to failure as previously discussed in Chapter 5. However, a detailed 
consideration of the film adhesive used to bond the lap joint test specimens and the ancillary 
chemicals used to prepare them is required. It is therefore appropriate to consider the trace elements 
that are observed on the composite and film adhesive surface, and commentary on this is presented 
in § 6.3.1.1.  
Consultation of the materials safety data sheet establishes that the main component of the film 
adhesive was modified poly (halogenated aromatic glycidyl ether) at a level of 50-75 % by weight of 
the main adhesive (Solvay, 2017). Unmodified DGEBA was also present at a 5-10% by weight. 
Investigations concerning the chemical composition of the film adhesive at the surface and in the bulk 
material (obtained through cluster ion depth profiling) were undertaken and are presented in § 
6.3.1.1. The halogen was found to be bromine, and a further investigation into the X-ray stability of 
the bromine present in the film adhesive is presented in § 6.3.1.2. Eight experimental conditions were 
used to provide either a solvent-wiped surface state or a surface contaminated with Chemlease® 41 
EZ release agent (the contamination process is outlined in § 4.2.1). For both the solvent-wiped and 
contaminated surfaces, four further conditions were used: (a) control, plasma treated and then 
bonded after (b) 24 hours, (c) 48 hours, and (c) 2 weeks. In this Chapter, the failure surfaces from 
joints manufactured from the four contaminated conditions are investigated, alongside the solvent-
wiped control and the solvent-wiped, plasma treated surface bonded after 24 hours conditions.  
6.2.2 Experimental Procedure 
When considering the failure of an adhesive bond, the locus of failure is typically investigated using 
microscopy techniques on one fracture surface and compared with corresponding points on the 
opposing surface (the mirror image surface). The surface chemistry of the fracture surface is an 
important focus in this Chapter, and consequently a systematic approach has been employed to obtain 
surface chemistry data that can be related to points of interest on one fracture surface to another, 
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and to micrographs obtained using scanning electron microscopy. In order to obtain micrographs using 
scanning electron microscopy, the surface of the sample must be conductive. Samples for SEM were 
sputtered with gold in a plasma vapour deposition procedure to produce a conductive layer a few 
nanometres thick. In order to obtain surface chemical data that is representative of the sample, it is 
necessary to obtain X-ray photoelectron spectroscopy data prior to the coating procedure. 
Lap shear joint test specimens were sectioned using a hacksaw (therefore avoiding the diamond saw, 
used in Chapters 4 and 5 to section samples, which required lubrication) to provide specimens that 
were of suitable size for the XPS and SEM analysis stages. For each pair of samples that were produced 
from the test specimens, one half of the fracture surface contained the scrim net inside the adhesive 
layer. Coincidentally, this was always the upper arm of the lap shear joint, and as such, this sample is 
referred to as the upper fracture surface. The remaining sample is referred to as the lower fracture 
surface. Photographic and digital micrographic analysis was undertaken post-XPS analysis to prevent 
contamination of the surfaces which might compromise the surface analyses, however the XPS 
investigations are presented at the end of the chapter to highlight the fracture surface conditions 
using both an array approach to discuss the full fracture surface (presented in § 6.3.4) and a point 
analysis approach to analyse points of interest in detail (presented in § 6.3.5). Figure 6.1 shows a 
schematic diagram of the experimental procedure of this chapter. 
 
Figure 6.1: Schematic diagram of the analytical procedure. (a) Lap joint shear testing (b) XPS 
paired spectrographic analysis (c) paired photographic and digital stitched micrographic 
analysis (d) SEM paired micrograph analysis. 
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6.2.3 XPS of Lap Joint Fracture Surfaces 
Following a similar procedure that is used in Chapter 5, XPS maps were acquired of the failure surface 
of the candidate lap shear joints. In keeping with the previous methodology, to determine the state 
of the silicon species present, the Si2p spectrum was recorded at each point and processed as before. 
Spectra were corrected to a C1s peak binding energy of 285.0 eV, as outlined in Chapter 5.  
Analyses were set up in a similar fashion to those outlined in § 5.2.7, which consisted of five line-scans, 
each with 10 analysis points per line scan.  Each array considered a 10 x 20 mm analysis region and 
was orientated in such a manner that analysis points on one fracture surface would directly 
correspond with analysis points on the other, the mirror image surface. This can be seen in Figure 6.2, 
which shows a top-down image capture from the load-lock cell within the K-alpha+ spectrometer, in 
this instance showing the analysis array as superimposed onto the contaminated and then bonded 2 
weeks after plasma treatment condition. On the right-hand side, the characteristic cross-hatched 
pattern of the film adhesive scrim net can be seen present on the upper surface. 
 
Figure 6.2:  Image capture of the analysis arrays for the contaminated and then bonded 2 weeks 
after plasma treatment fracture surfaces. 
6.2.4 Microscopy 
After XPS surface chemistry data was obtained, photographs of the lap joint shear test fracture 
surfaces were taken using a Canon EOS 550D DSLR, fitted with a 60 mm F2.8 macro lens to give high 
resolution macro images. Digital stitched micrographs were then acquired using the Keyence VHX 
5500 digital microscope, fitted with an x100 to x1000 lens. The photographs and digital stitched 
micrographs give a broad visual appreciation of the fracture surfaces, and show where the regions of 
interest, as highlighted by XPS, are further investigated using scanning electron microscopy. 
Samples were coated with 3 applications of 2 nm layer of gold using an Emtech K575X plasma vapour 
deposition process to cover the surface at different angles. Scanning electron microscopy was 
Chapter 6. Fractographic and Spectroscopic Paired Analysis of Failed Lap Shear Joints Treated with 
APTs 
114 
 
undertaken at the University of Surrey Microstructural Studies Unit, using a Jeol JSM-7100F field 
emission SEM. Samples were pumped down to 5 x10-4 Pa prior to analysis. A beam accelerating voltage 
of 15 keV was used to capture images. 
6.3 Results and Discussion 
6.3.1 Preliminary Investigations 
6.3.1.1 X-ray Photoelectron Spectroscopy Analysis of the FM300-2k Film Adhesive 
The survey spectra of the Cytec FM300-2k film adhesive can be seen in Figure 6.3, whilst a table 
summarising the observed elements present along with the quantitative surface analysis is presented 
in Table 6.1.  
 
Figure 6.3: XPS Survey spectra of the film adhesive surface. 
Table 6.1: Summary of surface concentration of elements present at the surface of the film 
adhesive. 
Peak name Peak BE, eV FWHM, eV 
Surface concentration, 
Atomic % 
C1s 285.14 2.53 70.2 
O1s 532.79 3.12 25.3 
Si2p 102.17 2.28 1.6 
N1s 399.41 1.50 1.1 
Ca2p 347.74 2.23 0.6 
Br3d 70.89 2.38 0.4 
Na1s 1071.78 2.68 0.3 
Cl2p 198.68 3.74 0.2 
S2p 168.32 2.00 0.2 
Cd3d 407.18 1.92 0.1 
 
Carbon, oxygen, silicon, and nitrogen have previously been observed in the materials, so need little 
explanation of their presence. Trace amounts of sulphur and sodium on the composite surface were 
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observed and may be present as a result of the 2-pyridine which is present in the Metprep Cool, as 
supplied by the University of Surrey, used to machine the composite samples to the correct size for 
analysis. The structure of 2-pyridine can be seen in Figure 6.4. 
 
Figure 6.4: Structure of 2-pyridine, present in Metprep Cool, a coolant used to lubricate the 
diamond tipped rotary blade when sectioning composite samples.  
Calcium, chlorine, and cadmium were also observed, and are likely to be present as surface segregated 
species as a result of ancillary processing chemicals and precursors. For example, the calcium is likely 
present as a result of ground calcium carbonate, a widely used filler in the plastics industry to assist 
with processability and reduce costs (Gao et al., 2012). Chlorine is likely present as a result of 
epichlorohydrin used as an epoxide precursor (McKeen, 2012), the cadmium present as an 
organometallic plasticiser (ECHA, 2012). A preliminary depth profiling experiment using the Thermo 
Scientific MAGCIS argon cluster ion source (Ar+n,, where n ≈1000) corroborated this, and as such these 
elements were omitted from further investigation.  Bromine was also observed at the surface in very 
low concentrations, however as stated in Chapter 2, brominated species are added to polymers for 
their flame-retardant properties (Small et al., 2007). A depth profiling procedure using the argon 
cluster ion source was undertaken to remove the top layer of the film adhesive and expose the bulk 
material using a beam energy of 4 keV. For each etch cycle, the ion beam was rastered on to the 
surface of the film adhesive over a 2 x 2 mm area for 30 seconds, and narrow scan core spectra were 
obtained at each etch level for a total of 100 etch levels. The work undertaken by Cumpton et al. 
(2013) concerning polymer etch rates determined a poly-propylene etch rate of 0.2 nm.s-1. The cured 
poly (halogenated aromatic glycidyl ether) film adhesive exhibits greater cross-linking than poly-
propylene, meaning that an appropriate estimate of the etch rate would be closer to 0.1 nm.s-1.  
Subsequently, the total etch depth reached over the 3000 s of analysis was approximately 300 nm. In 
order to reduce the noise in the data acquired and obtain peak spectra that were suitable for peak 
fitting, five passes per time interval were taken for each peak. Core spectra were obtained for the 
bromine, carbon, sodium, silicon, oxygen, and sulphur peaks as they were deemed to be of interest to 
this investigation. This can be seen in Figure 6.5 and Figure 6.6, which shows the etch profile of the 
film adhesive over the 100 etch levels focussing on the full assay and elements present below 5 % at. 
respectively. Bromine is observed at the surface and in the bulk of the film adhesive, confirming the 
modified poly (halogenated aromatic glycidyl ether) is as a bromine compound.  
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Figure 6.5: Depth profile of FM300k film adhesive, etched for a total of 3000 s (100 etch levels, 
to an estimated total etch depth of 300 nm). 
 
Figure 6.6: Depth profile of FM300k film adhesive showing constituents below 5 %at, etched for 
a total of 3000 s (100 etch levels, to an estimated total etch depth of 300 nm). 
6.3.1.2 X-ray Stability of the Bromine Containing Compound  
As mentioned in § 6.3.1.1, bromine was observed in the film adhesive. Over the course of the depth 
profile the bromine peak was observed to change shape, suggesting that the bromine was undergoing 
a change in chemistry as the etch cycle progressed. A typical XPS investigation might focus on one 
point for a few minutes, however the XPS mapping of the fracture surfaces presented in this chapter 
would require samples to remain in the analysis chamber for as long as 2 days.  It is well established 
in the literature (Beamson and Briggs, 1993) that bromine containing polymers can degrade with 
prolonged exposure to X-rays and subsequently a time dependent investigation was undertaken to 
determine the effects of x-ray exposure. The Br3d peak core spectra were recorded every 2 minutes, 
for a total elapsed time of 45 hours. In order to reduce the noise in the data acquired and obtain peak 
spectra that were suitable for peak fitting, five passes per time interval were taken. The spectral data 
acquired was found to be of good quality as the individual spin orbits of the Br3d peak can be resolved 
into individual component peaks, namely Br3d5/2 and Br3d3/2, which exhibit a 5:3 theoretical peak 
height ratio. The Br3d peak can be resolved into four components; the organic bromine Br3d5/2 and 
Br3d3/2 spin orbits, and the Br ion (Br-) Br3d5/2 and Br3d3/2 spin orbits, consistently observed at 
peak binding energies of 70.3, 71.3, 69.2 and 68.1 eV respectively. These are displayed in Figure 6.7 at 
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four intervals in time over this investigation: (a) initial spectrum, (b) 20 minutes, (c) 60 minutes, and 
(d) 240 minutes after exposure to X-rays. 
 
Figure 6.7: Peak fitted spectra showing the Br3d peak comprised of four components, the 
Br3d/2 and Br3d/5 spin orbit split in a 5:3 peak height ratio for both the organic bromine group 
(peaks iii and iv), and the Br- ion (peaks i and ii) at (a) initial scan, (b) 20 minutes, (c) 60 
minutes, and (d) 240 minutes after exposure to X-rays. 
 
It can be seen that as the elapsed time that the film adhesive has been exposed to X-rays increases, 
the amount of organic bromine observed decreases (as highlighted by peaks iii and iv) relative to the 
amount of bromine ions that are produced (as highlighted by peaks i and ii). It is an X-ray beam induced 
reduction effect that causes the ionisation of the organic bromine species, and this mechanism can be 
referred to as a degradation process as the polymer undergoes debromination or 
dehydrobromination.  A degradation curve can be plotted by considering how the ratio of the 
presence of the total bromine species to the presence of carbon (denoted by X) varies over time. This 
is shown in Figure 6.8, where Xt /X0 x100 is plotted against the length of exposure, t. Xt represents the 
ratio X at time t, and X0 represents the initial value of the X ratio (Beamson and Briggs, 1993). Initially, 
the ratio of Xt /X0 has the value 100. As the elapsed exposure time increases, the presence of bromine 
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decreases up to a limiting point at approximately 500 minutes. This limiting value is probably attained 
at the limit of the XPS analysis depth of c.a. 5 nm. As X-rays penetrate much deeper into the sample 
(several micrometres) it is likely that X-ray degradation occurs at depths approaching this value. 
However, such degradation is “invisible” to a surface analysis method such as XPS.  
 
Figure 6.8: Xt/X0 against exposure time, where X = Br / C1s. Inset: Xt/X0 for the initial hour of 
exposure.  
Figure 6.8 shows that there is an initial period where degradation occurs, and at around 750 minutes 
the curves reach a plateau, and subsequently highlights the fact that halogenated polymers degrade 
rapidly. At this point in time an apparent limit of degradation has been reached; the degradation of 
bromine might indeed still occur as X-rays are highly penetrating, however the apparent limit is 
reached because of the XPS analysis depth of 6 nm. The plateau is suggestive that the degradation is 
indeed X-ray induced by the micro-focussed X-ray beam, and not as a consequence of being held under 
a high vacuum or large area illumination from the flood gun, where no such plateau would have been 
observed. A degradation index value was defined by Beamson and Briggs (1993) as the percentage 
damage, i.e. the Xt /X0 value, after 500 min. The bromine species present in the film adhesive exhibits 
a degradation index value of 35. In comparison to the poly(vinyl) chloride specimens which are known 
to undergo fairly severe dehydrochlorination on X-ray exposure, which had a degradation index of 25 
(Beamson and Briggs, 1993), the degradation index of the bromine species is a higher value, which 
indicates that the film adhesive had degraded less than PVC. Inset in Figure 6.8 is the Xt /X0 degradation 
curve for the first hour of the investigation. It can be seen that this degradation curve follows a 
nonlinear relationship, indicating that the degradation kinetics reduced over time.  
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6.3.2 Lap Shear Failure Surfaces – Initial Observations 
The fracture surfaces of the lap joint shear test specimens were examined to gain a macro-scale 
appreciation of failure. Figure 6.9 shows the fracture surfaces of the solvent-wiped control condition, 
where (a) shows the upper fracture surface, and (b) the lower fracture surface. Label 1 highlights the 
indentation left in the lower fracture surface by the scrim net. The scrim net present in the film 
adhesive can be seen to be free at one end (image a, Label 2); in order ensure that the image quality 
was suitable for electron microscopy, the free end of the scrim net was removed. Residue from the 
film adhesive can be seen on both sides of the fracture surface at numerous positions, highlighted by 
Label 3, and is evidence to support a cohesive failure mode. 
 
Figure 6.9: Lap shear fracture surfaces of the solvent-wiped control condition. (a) Upper 
fracture surface (b) Lower fracture surface. 
The lap joint shear test specimens for the solvent-wiped and bonded 24 hours after plasma treatment 
condition typically failed in the substrate, which was indicative of a high-quality adhesive bond. 
Figure 6.10 shows an example of the observed substrate failure for the solvent-wiped and bonded 24 
hours after plasma treatment condition, where (a) shows the upper fracture surface, and (b) the lower 
fracture surface. Label 1 highlights the substrate failure, where no scrim net was observed at the 
fracture surface. Label 2 identifies the exposed scrim net from underneath the delaminated substrate. 
 
Figure 6.10: Lap shear fracture surfaces of the solvent-wiped and bonded 24 hours after plasma 
treatment condition. (a) Upper fracture surface (b) Lower fracture surface. 
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The visual differences between the contaminated control and the solvent-wiped control are 
considerable.  Figure 6.11 shows the fracture surfaces of the contaminated control condition, where 
(a) shows the upper fracture surface, and (b) the lower fracture surface. Indentation from the scrim 
net on the lower fracture surface can be seen (Label 1), whilst the scrim net is seen on the upper 
fracture surface (Label 2). The film adhesive can be clearly seen on the upper surface (image a) and 
whilst sparse amounts of residue can be seen on the lower surface (Label 3), the remaining fracture 
surface shows no adhesive present. Specimens in the contaminated control condition failed 
predominantly at the substrate-adhesive interface due to the contaminant layer acting as a weak 
boundary layer. In adhesive bonding, failure in this manner would be described as an interfacial failure.  
 
Figure 6.11: Lap shear fracture surfaces of the contaminated control condition. (a) Upper 
fracture surface (b) Lower fracture surface. 
Figure 6.12 shows the fracture surfaces of the contaminated and bonded 24 hours after plasma 
treatment condition, where (a) shows the upper fracture surface, and (b) the lower fracture surface. 
An indentation of the scrim net is observed on the lower surface (Label 1) and is comparable to the 
solvent-wiped control condition. The scrim net is seen on the upper fracture surface and is highlighted 
by Label 2. Film adhesive residue (as highlighted by Label 3) can be seen at a number of points on the 
fracture surface, however less so than the solvent-wiped control condition, and more so than the 
contaminated control condition. Failure was mainly cohesive with a small percentage (c.a. 10 %) of 
interfacial failure.  
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Figure 6.12: Lap shear fracture surfaces of the contaminated and bonded 24 hours after plasma 
treatment condition. (a) Upper fracture surface (b) Lower fracture surface. 
Figure 6.13 shows the fracture surfaces of the contaminated and bonded 48 hours after plasma 
treatment condition, where (a) shows the upper fracture surface, and (b) the lower fracture surface. 
Indentation of the scrim net is observed on the lower surface (Label 1) and is comparable to both the 
solvent-wiped control condition and contaminated and bonded 24 hours after plasma treatment 
condition. The scrim net is seen on the upper fracture surface and is highlighted by Label 2. Film 
adhesive residue is also observed (Label 3) at levels comparable to the solvent-wiped control 
condition. 
 
Figure 6.13: Lap shear fracture surfaces of the contaminated and bonded 48 hours after plasma 
treatment condition. (a) Upper fracture surface (b) Lower fracture surface. 
6.3.3 Lap Shear Failure Surfaces – Fracture Surface Analysis 
The digital stitched micrographs allowed for higher magnification images than those obtained through 
macro photography, whilst retaining colour information. Figure 6.14 shows the digital stitched 
micrograph for the solvent-wiped control upper fracture surface. Three regions of interest 
representative of different surface features are highlighted; a region where the scrim net had left an 
indentation (Label 1), a region where straw-coloured film adhesive residue can be seen (Label 2), and 
a region where little to no film adhesive residue was seen, however an interesting region of texture 
Chapter 6. Fractographic and Spectroscopic Paired Analysis of Failed Lap Shear Joints Treated with 
APTs 
122 
 
was observed (Label 3). These regions are further explored through scanning electron microscopy 
below. The areas of interest on the opposing side of the fracture surface can be seen in the digital 
stitched micrograph presented in Figure 6.15, and have been labelled as Label 1’, 2’, and 3’ to 
correspond with Figure 6.14 Labels 1, 2, and 3 respectively. Both surfaces exhibit regions of film 
adhesive residue and are well distributed across the fracture surfaces. 
 
Figure 6.14: Solvent-wiped control upper fracture surface. (1) scrim net indentation, (2) region 
of film adhesive residue, (3) region with little to no film adhesive residue. 
 
Figure 6.15: Solvent-wiped control lower fracture surface. Labels opposing Figure 14: (1’) scrim 
net indentation, (2’) region of film adhesive residue, (3’) region with little to no film adhesive 
residue. 
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SEM micrographs taken from point 2 (upper fracture surface) and 2’ (lower fracture surface) of the 
solvent-wiped condition are shown in Figure 6.16. Both (a) and (a’) are micrographs taken at x1700 
magnification and show a region where a fibre has been pulled out during failure. Both (b) and (b’) are 
micrographs taken at x3300 magnification and show the fibre pull-out in closer detail. River lines can 
very clearly be seen in (b), and are characteristic of a shear failure mode, i.e. mode II. 
 
Figure 6.16: Micrographs taken from the solvent-wiped control fracture surface, at point 2. (a 
and b) Micrographs taken from the upper fracture surface at x1700 and x3300 magnification 
respectively. (a’ and b’): Micrographs taken from the lower fracture surface at x1700 and x3300 
magnification respectively. 
The upper and lower fracture surfaces of the contaminated control conditions are seen in the digital 
stitched micrographs presented in Figure 6.17 and Figure 6.18 respectively. It can be seen quite clearly 
that the morphology of the contaminated surfaces differs significantly from the solvent-wiped control, 
in that the lower fracture surface exhibits an iridescent film across the surface (highlighted by Label 
3’), which is concluded to be the release agent contaminant residue. The lower fracture surface does 
not appear to exhibit much film adhesive residue at the macroscopic scale, or indeed, regions of 
texture that suggest load transfer across the bond. The upper fracture surface exhibits regions of 
straw-coloured film adhesive (Label 2), however a significant portion of the fracture surface is devoid 
of texture (Label 1). No discerning features that were indicative of a locus of failure were observed 
under SEM. 
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Figure 6.17: Upper fracture surface of the contaminated control condition. (1) region of no 
visible film adhesive residue, (2) region of film adhesive residue, (3) region devoid of film 
adhesive residue. 
 
Figure 6.18: Lower fracture surface of the contaminated control condition. Labels opposing 
Figure 6.17: (1’) region of no visible film adhesive residue, (2’) region of film adhesive residue, 
(3’) region of contaminant residue. 
The upper and lower fracture surfaces of the contaminated control conditions are seen in the digital 
stitched micrographs presented in Figure 6.19 and Figure 6.20 respectively. Whilst there are significant 
regions where no texture is visible on either half of the fracture surface, Labels 1 and 2 highlight 
regions that are comparable with the fracture surfaces of the solvent-wiped control condition. The 
contaminated and bonded 24 hours after plasma treatment condition did not exhibit any noticeable 
features indicative of a locus of failure observed under SEM.  
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Figure 6.19: Upper fracture surface of the contaminated and bonded 24 hours after plasma 
treatment condition. (1) region of no visible film adhesive residue, (2) region of film adhesive 
residue. 
 
Figure 6.20: Lower fracture surface of the contaminated and bonded 24 hours after plasma 
treatment condition. (1) region of no visible film adhesive residue, (2) region of film adhesive 
residue. 
6.3.4 Spectrographic Analysis of Lap Shear Failure Surfaces 
The XPS analysis arrays for both solvent wiped conditions found, rather unsurprisingly, that the silicon 
species present at the surface existed at a trace level below 0.5% atomic and presented peak binding 
energy values of 102.8 - 102.9 eV as averaged across the analysis arrays. This suggests that the silicon 
species present were organic in nature. Figure 6.21 shows the survey spectra for typical points on both 
the upper and lower fracture surfaces. Both surfaces show trace amounts of bromine, which is 
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characteristic of the film adhesive and suggests that there were minor amounts of cohesive failure. 
Had bromine been present on one half of the fracture surface and not the other, the bromine peak 
might have been used as a chemical indicator to ascertain whether the specimen failed in a cohesive 
failure mode, however this is not the case here. The lower fracture surface can be seen to have a much 
higher concentration of the silicone-based contaminant, which is evidence to suggest that a weak 
boundary layer was formed.  
 
Figure 6.21: Survey spectra for the upper and lower fracture surfaces for the contaminated 
control condition. Both surfaces show traces of bromine, and the lower fracture surface can be 
seen to have a much higher concentration of the silicone-based contaminant. 
Figure 6.22 shows the analysis arrays presenting the Si2p peak binding energies for the contaminated 
control test condition. The upper fracture surface is shown in (a) and exhibited an average Si2p peak 
binding energy of 102.6 eV, whilst the lower fracture surface is shown in (b) and exhibited average 
Si2p peak binding energy of 102.7 eV. Both values are characteristic of an organic silicon species. 
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Figure 6.22: Analysis arrays presenting the Si2p peak binding energies for the contaminated 
control test condition. (a) The upper fracture surface. (b) the lower fracture surface. 
The survey spectra for the upper and lower fracture surfaces for the contaminated and bonded 24 
hours after plasma treatment were seen to exhibit low levels of silicon species on both fracture 
surfaces. However, a more striking observation can be seen when considering the Si2p peak binding 
energies. The analysis arrays for the contaminated surface, bonded 24 hours after plasma treatment 
are presented in Figure 6.23. The upper fracture surface is shown in (a) and exhibited an average Si2p 
peak binding energy of 102.7 eV across the array, characteristic of an organic silicon species. The lower 
fracture surface is shown in (b) and exhibited average Si2p peak binding energy of 103.4 eV, showing 
a shift in the peak binding energy of the Si2p peak which is characteristic of a predominantly inorganic 
species, i.e. silica. It is interesting to note that in Figure 6.23 (a), the upper surface is a lot more varied 
in peak binding energy values compared to the upper surface of the contaminated control condition, 
with some points exhibiting peak binding energies characteristic of the inorganic silica.  
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Figure 6.23: Analysis arrays presenting the Si2p peak binding energies for the contaminated 
surface, bonded 24 hours after plasma treatment test condition. (a) The upper fracture surface. 
(b) the lower fracture surface. 
The analysis arrays for the contaminated surface, bonded 48 hours after plasma treatment are 
presented in Figure 6.24. The upper fracture surface is shown in (a) and exhibited an average Si2p 
peak binding energy of 103.0 eV across the array, characteristic of a mix of organic/inorganic silicon 
species present. This is further typified by the variation in peak binding energy across the surface. The 
lower fracture surface is shown in (b) and exhibited average Si2p peak binding energy of 103.4 eV, 
showing a shift in the peak binding energy of the Si2p peak which is characteristic of a predominantly 
inorganic species. In Figure 6.24 (a), the upper surface is even more varied in peak binding energy 
values compared to the upper surface of the contaminated control condition (Figure 6.22) and the 
plasma treated and bonded after 24 hours condition (Figure 6.23), with some points presenting peak 
binding energy values above 103 eV, i.e. the presence of silica is observed at points on both fracture 
surfaces. This is evidence to suggest that there was a cohesive failure mode for this test specimen.  
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Figure 6.24: Analysis arrays presenting the Si2p peak binding energies for the contaminated 
surface, bonded 48 hours after plasma treatment test condition. (a) The upper fracture surface. 
(b) the lower fracture surface. 
A summary table of the XPS analysis array investigations, alongside the Lap joint shear failure strength 
are presented in Table 6.2. It can be seen that as the time elapsed after plasma treatment increases, 
the peak binding energy of the silicon species present has increased, as have the lap shear failure 
strength values. As the failure strength of the lap-shear joint increases, the presence of silica on both 
sides of the failure surface is more prevalent. 
Table 6.2: Summary of Si2p species present at the fracture surface of lap joint shear test 
specimens, and their respective failure strengths. 
Specimen 
Upper 
Average 
Si2p Peak 
BE, eV 
Upper Si2p Species 
Lower 
Average 
Si2p Peak 
BE, eV 
Lower Si2p Species 
Failure 
strength, 
MPa 
Solvent-wiped 
control 
102.8 
Organic (Trace 
presence <0.5% at) 
102.9 
Organic (Trace 
presence <0.5% at) 
15.1 
Solvent-wiped, 
APT 24 hours 
102.8 
Organic (Trace 
presence <0.5% at) 
102.8 
Organic (Trace 
presence <0.5% at) 
14.4 
Contaminated 
control 
102.7 Organic 102.6 Organic 3.9 
Contaminated, 
APT 24 hours 
102.7 
Predominantly 
organic 
103.4 
Predominantly 
inorganic 
6.1 
Contaminated, 
APT 48 hours 
102.9 
Organic/Inorganic 
mix 
103.4 
Predominantly 
inorganic 
10.9 
Contaminated, 
APT 2 weeks 
102.9 
Organic/Inorganic 
mix 
103.3 
Predominantly 
inorganic 
11.5 
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6.3.5 Spectroscopic Point to Point Comparison 
A broad overview of the surface chemistry of the fracture surfaces was presented in § 6.3.4, in this 
subsection the surface chemistry at points where DSM and SEM images were taken are presented. It 
is worth reminding that the XPS surface chemical data acquired was obtained using a spot size of 400 
µm, which averages the data over this area. A montage of the three points of interest for the solvent-
wiped control condition, their positions on the fracture surfaces and their respective Si2p peak binding 
energies are shown in Figure 6.25. For the solvent-wiped surface, it is noted that the silicon species 
exists as trace elements. It can be seen that the straw-coloured film adhesive previously identified in 
§ 6.3.3 is clearly present at positions 1 and 2 on the upper fracture surface, and the lack of presence 
of the straw-coloured residue at their corresponding points (1’ and 2’) on the lower fracture surface. 
 
Figure 6.25: Montage of points of interest for the Solvent-wiped control condition. Labels 1, 2, 
and 3 are points on the upper fracture surface, whilst Labels 1’, 2’ and 3’ are points on the 
lower fracture surface. 
A montage of the three points of interest for the contaminated control condition, their positions on 
the fracture surfaces and their respective Si2p peak binding energies are shown in Figure 6.26. Whilst 
film adhesive residue can be seen at point 2 on the upper fracture surface and along the scrim net at 
point 1, no such residue can be seen at point 3, and no film residue can be seen on the lower fracture 
surface points. The iridescent contaminant residue is particularly visible at point 3’ on the lower 
fracture surface. The silicon species observed at all points show peak binding energies that are 
characteristic of organic silicon, as previously outlined in § 6.3.4.  
Chapter 6. Fractographic and Spectroscopic Paired Analysis of Failed Lap Shear Joints Treated with 
APTs 
131 
 
 
Figure 6.26: Montage of points of interest for the contaminated control condition. Labels 1, 2 
and 3 are points on the upper fracture surface, whilst Labels 1’, 2’ and 3’ are points on the 
lower fracture surface. 
A montage of the two points of interest considered for the contaminated and bonded 24 hours after 
plasma treatment condition, their positions on the fracture surfaces and their respective Si2p peak 
binding energies are shown in Figure 6.27. Fragments of film adhesive residue can be seen at point 2 
on the upper fracture surface and at point 2’ on the lower fracture surface, however cannot be seen 
at point 1 or 1’. The silicon species on the upper fracture surface exist as organic silicon, however at 
their corresponding points on the lower surface exist as inorganic silicon; the lower fracture surface 
was plasma treated prior to bonding and such exhibits the shift in peak binding energy as previously 
detailed in § 5.3.4.  
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Figure 6.27: Montage of points of interest for the contaminated and bonded 24 hours after 
plasma treatment condition. Labels 1 and 2 are points on the upper fracture surface, whilst 
Labels 1’, and 2’ are points on the lower fracture surface. 
6.4 Concluding Remarks 
The lap joint shear test specimens were investigated using macro photography, digital stitched 
microscopy (DSM), scanning electron spectroscopy (SEM), and X-ray photoelectron spectroscopy 
(XPS). Initial photographic observations highlighted the differences between the solvent-wiped, 
contaminated, and contaminated and plasma treated conditions, which were then further elaborated 
on using DSM and SEM. The surface chemistry of the solvent-wiped control and the solvent-wiped and 
bonded 24 hours after plasma treatment conditions were found to exhibit silicon in trace amounts. 
The contaminated surface conditions were found to exhibit silicon in an organic state, which was to 
be expected, however more interestingly, the silicon species on the contaminated and bonded 24 
hours after plasma treatment condition were found be organic on one half of the fracture surface at 
greater than trace levels, and showing a predominantly inorganic silicon species on the opposing 
fracture surface, where the atmospheric plasma treatment had been administered. The silicon species 
on the contaminated and bonded 48 hours after plasma treatment condition were found to be 
predominantly inorganic on both halves of the fracture surface, suggesting that the organic silicon 
species is highly mobile within the first 48 hours after treatment. 
An additional preliminary experiment considered the degradation effects that the film adhesive might 
undergo during lengthy XPS investigations. It was determined that bromine, typically added to 
polymers to increase the flame retardancy of the film adhesive, would readily degrade under a micro-
focussed X-ray beam given a lengthy exposure. However, XPS data acquired within the first 10 minutes 
would not be significantly affected by degradation. 
Chapter 6. Fractographic and Spectroscopic Paired Analysis of Failed Lap Shear Joints Treated with 
APTs 
133 
 
The following Chapter considers another aspect of work of interest to BAE Systems, concerning the 
mechanical testing of carbon fibre reinforced polymer (CFRP) T-Joints under the T-pull loading mode. 
The T-Joints were analysed using digital image correlation in order to observe the full-field strain 
distribution and have been compared to an FE model of the test supplied by the University of Bristol 
Advanced Composites Centre for Innovation and Science (ACCIS). Fracture surface observations are 
also shown. 
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Chapter 7 
Digital Image Correlation of Adhesively 
Bonded CFRP T-shaped Structural 
Elements 
7.1 Introduction 
Composite airframes are designed to be lightweight and robust. As a result of the regions of enhanced 
stress around mechanical fasteners, such structures also make use of adhesives to bond components. 
This reduces the presence of stress concentrations by distributing loads over a larger area. As the 
surface cleanliness of an adherend is important to the structural performance of the resultant bonded 
structure (as previously investigated in Chapters 4, 5 and 6), so too is the geometry of the structure. 
As test specimens become more complex, mechanical testing becomes more expensive, and thus 
there is an onus on the structural design engineer to produce finite element (FE) models to offset 
these associated costs. One type of test element that is representative of a wide range of bonded 
configurations is a T-shaped structural element. For example, these structural elements can be tested 
in load cases that are representative of load conditions that the substructure might undergo; a T-
element subjected to a load normal to the T direction could be considered representative of an 
internal pressurised chamber, such as an in-wing fuel tank for example.  
There is a considerable amount of information on both film and paste adhesively bonded composites 
with regards to coupon testing, such as lap shear testing, peel behaviour as obtained through double 
cantilever beam coupon testing, and bend tests. However, in order to validate the FE models of more 
complex structural components, testing is required. Strain gauges are often used to measure the 
response of the element to an applied load, but strain gauges can only report the strain measured at 
the point at which they are applied and can be time consuming to apply. Digital image correlation 
(DIC) is a photogrammetric technique that can be used to measure strain values across the full surface, 
or full-field, of a component under load.  
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This chapter is concerned with the mechanical testing of CFRP T-elements under the T-pull loading 
mode, analysed using DIC in order to observe the full-field strain distribution. The DIC analyses have 
been compared to an FE model of the test supplied by the University of Bristol Advanced Composites 
Centre for Innovation and Science (ACCIS), which was undertaken as a discrete, unpublished package 
of work. Fracture surface observations are also shown, and links have been made to features on the 
surface and the onset of damage as monitored by the DIC.  
7.2 Experimental Methods and Materials 
7.2.1 T-Joint Manufacture 
Cytec MTM44-1/ IMS65 carbon fibre composite pre-preg material was used to manufacture both the 
upper T and lower skin sections, prior to secondary bonding with Hexcel Redux 873 paste adhesive, to 
produce T-shaped structural elements (the T-Joints) shown schematically in Figure 7.1. The lay-up 
configuration of the T-Element, including the position of where film adhesive HTA 240, supplied by 
Cytec, was used in the flange section manufacture, is shown schematically in Figure 7.2. The upper 
flange section consisted of two 90° panels with a [45/135]2s. lay-up configuration, a deltoid insert with 
a [45/135]12 lay-up, and bonded with the HTA 240 film adhesive to a capping strip of the same material 
and [45/135]2s lay-up. The skin section consisted of a [45/135/0/90/0]2s layup configuration with a 
Rohacell® RIMA 71 foam insert, manufactured using a dropped-ply technique to provide the required 
thickness for specimens to be secured into test fixtures. Finally, the flange and skin section were 
bonded with Redux 873 paste adhesive to form the T-Joint. 
 
Figure 7.1: Schematic diagram of assembled Flange and Skin sections to produce T-Joints. 
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Figure 7.2: Lay-up configuration of the T-Joint. Not to scale. 
In order to produce the lower skin sections, and to produce a tapered central section as required for 
the above T-Joint, several 800 mm skin panels were manufactured. The skin panels were autoclave 
cured at 130°C, at an absolute pressure of 7 Bar for 4 hours, and then subjected to a post-cure cycle 
at 180°C for 2 hours in an oven. An intensifier was used on the skin’s central zones during curing to 
generate an 80 mm flat bond area, to produce the tapered curves at the dropped ply region, and to 
aid consolidation at the base of the foam chamfer. panels thicknesses were measured along the 800 
mm length using points 50 mm apart. Panels’ thicknesses showed an approximate variation of 0.3 mm. 
Due to thickness variation, 3 skins 150 mm each were cut at the minimal variation positions. Several 
1580 mm flange beams were also manufactured. The flange beams were autoclave cured at 130°C, at 
an absolute pressure of 7 Bar for 4 hours. Six 190mm sections were cut from each T-beam. The 
approximate locations of where the T and skin sections were produced from the T-beam and flange 
beams respectively are shown schematically in Figure 7.3. 
 
Figure 7.3: Schematic diagram showing the approximate locations of (a) T sections and (b) skin 
sections were produced from the T-beam and flange beam respectively. 
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The skin surface was prepared for paste adhesive bonding by removing a Hexcel F161 pre-impregnated 
(pre-preg) peel ply that had been incorporated into the manufacturing procedure, as previously 
considered in Chapter 3. Prior to bonding of the T and skin sections, the peel plies were removed to 
give bonding surfaces free of residue or contamination, revealing a pristine surface suitable for 
adhesive bonding. The T-Joint co-bonding procedure is outlined pictorially in Figure 7.4. 
 
Figure 7.4: T-Joint co-bonding procedure. (a) Removal of F161 peel ply from both landing and 
lay up aluminium shim to bond line thickness. (b) Apply paste adhesive with “Y” shape at edges 
to ensure even distribution. (c) Insert scrim net above adhesive and position flange into jig. (d) 
Position aluminium blocks on both sides of flange web. 
The paste adhesive bond line was found to be consistently between 0.32 and 0.38 mm for all T-Joints 
considered in this investigation. Two composite panels were bonded to the web of each T-Joint to 
bring the thickness of the web section to 10 mm. This was done so as to reduce the risk of the web 
failing in bearing mode in the test fixture during loading. The composite panels, or packers, were 
secondary bonded to the web using HTA-240 film adhesive and are shown in Figure 7.5.  
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 Figure 7.5: Packers adhesively bonded to the flange web, using HTA-240 film adhesive. 
The packers were initially bonded using a vacuum bagging technique at a pressure of 2 mBar. 
However, ultrasonic NDT of the bond area showed a high degree of attenuation, and voids were seen 
in the bond line between the web section of the flange and the packer after micro sectional analysis, 
as shown in Figure 7.6.  
` 
Figure 7.6: HTA-240 bond voids during vacuum only pressure curing. 
The potential causes of the voids at the bond line were suggested to be moisture and the vacuum-
only cure process. In order to counteract the onset of voids, T-Joints were dried to reduce moisture, 
and cured in the autoclave under an absolute pressure of 3 bars. The number of voids at the film 
adhesive bond line reduced but not entirely. However, since the web packers do not directly carry 
load, they could be used. The T-Joint specimens were then sectioned to reach the final dimensions (as 
seen in Figure 7.1). T-Joints were placed in a custom rig to ensure that the holes would not result in 
misalignment when secured in the test fixture, and to reduce vibration whilst drilling that could 
potentially cause delaminations or delamination initiation points. Each T-Joint was drilled with ten 6 
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mm diameter holes across the skins, with two rows of 5 holes on each side of the web, and with four 
8 mm diameter holes on the web using a cordless drill. Four T-Joints were used and designated TPA 
to TPD. Figure 7.7 shows an example T-Joint before and after holes were drilled. 
 
Figure 7.7: Completed T-Joint, (right) with holes drilled to mount to the mechanical test fixture.  
7.2.2 T-Pull Set-up 
The T-Pull test required the use of a bespoke test fixture to load the T-Joint in the desired manner. 
This test fixture was kindly provided by BAE Systems Samlesbury Manufacturing Technology for the 
duration of the investigation. The assembly set-up of the T-Joint bolted into position in the T-Pull test 
fixture can be seen in Figure 7.8. 
 
Figure 7.8: Diagram showing the T-Pull test fixture assembly. 
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Mechanical testing was undertaken at the University of Surrey using Instron tensile testing machines 
rated to 100 kN, which exceeded the requirements for the proposed test series. All tests were 
undertaken with a load rate of 1 mm.min-1. Linkages were designed and manufactured in order to use 
the test fixture assembly with the Instron tensile testing machines. The required test linkage was 
manufactured out of EN-24-T tooling steel, as it is a high tensile strength alloyed steel and readily 
available. Through initial calculations, considering a maximum load of 100 kN and a safety factor of 3 
into the calculation, the prong thickness was determined to be 18.36 mm, which was subsequently 
rounded to 20 mm. Finite element (FE) analysis using the ANSYS FE package built into SolidEdge was 
undertaken to ensure that the test linkage would not fail when subjected to the load cycle, using a 
0.2% offset yield point criterion as the stress at which plastic deformation occurs. An example of the 
FE analysis can be seen in Figure 7.9, which shows the model considering the linkage-test fixture 
assembly at a load of 100 kN connected to point B as defined in Figure 7.8, displaying the von-Mises 
strain. It can be seen that the max strain was found to be about 336 µ-strain, which is well below the 
0.2% strain threshold. It was therefore concluded that the linkage would not yield when subjected to 
the maximum possible load in the tests. 
 
Figure 7.9: Example image of FE analysis of linkage showing a maximum strain of 336 µ-strain. 
For all T-Joints, photographs and digital micrographs were taken. All photographs of fracture surfaces 
were taken using a Canon EOS 1300D DSLR, fitted with a Tamron 10-24 Di II lens. All digital micrographs 
were taken using a Dino-lite AM4113T(R4) digital USB microscope. 
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7.2.3 Digital Image Correlation  
In order to obtain data using the DIC technique, a random diffuse speckle was applied to the sample. 
To obtain this speckle, the T-Joints were first sprayed with a white acrylic paint to provide an even 
background coat, and then sprayed with a black paint to obtain a diffuse contrasting random speckle 
pattern. This can be seen in Figure 7.10, which shows the speckle pattern applied to the T-Joint TPA.  
 
Figure 7.10: Diffuse speckle pattern applied to TPA prior to the use of DIC. Inset close-up 
shows the random orientation of the speckle pattern. 
Photographs are taken as the sample is subjected to a load, and localised deformations cause the 
speckles to displace. In order to enhance the contrast between the white background and black 
speckling, the T-Joint was illuminated. The DIC analysis in this investigation makes use of a two-camera 
system, which yields greater spatial resolution when compared to a one-camera system, with the 
potential to investigate out-of-plane strains as well. The two cameras were set up to be at the same 
distance and angle from the centre line of the T-Joint. Photographs were taken simultaneously using 
Micro Four Thirds camera systems with 35 mm lenses, and then processed using the Correlated 
Solutions VIC 3D software. As the DIC data capture required high speed photography with lenses at F-
numbers of 5.0 or greater (i.e. at small apertures), there was a requirement for additional lighting in 
order to produce clear, defined images. Lamps on stands with directed silver hoods were used to 
produce the required lighting. The first three T-Joints investigated using DIC image captures used the 
two-camera set-up. In order to calibrate the two-camera set-up, images of a 10 mm calibration board 
were taken. The DIC set-up for the two-camera system can be seen in Figure 7.11. 
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Figure 7.11: DIC analysis test set-up, showing a two-camera system, and the illuminated T-
Joint. 
The software analyses the detected displacements and displays the strain field in the form of a contour 
map which may be used to identify regions of high strain. In all DIC strain analysis maps presented 
here, red indicates a region of positive strain (tensile strain when considering the εxx and εyy strains), 
and blue indicates a region of negative strain (compressive strain when considering the εxx and εyy 
strains). One known drawback of DIC is that it can yield anomalous strain measurements when 
considering regions close to the edges of samples. To counteract this, the meshed area of analysis 
allowed for an edge gap equal to one mesh subset. This was defined on a case by case basis per 
analysis, as the mesh threshold parameters are dependent on the randomly distributed speckle 
pattern. An example of the DIC meshing can be seen in Figure 7.12, which shows a screenshot of the 
subset mesh size visualiser.   
 
Figure 7.12: Screenshot of the subset mesh size visualiser tool for specimen TPD. 
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The T-Joint TPD was investigated with two pairs of stereo imaging cameras to produce a 4 x 1 camera 
set-up, as seen in Figure 7.13. In doing so, one pair of cameras can be used to capture the full-field 
strain of the specimens, whilst the other pair can be used to focus on a region of interest, i.e. the 
adhesive bond-line. In this case, the full-field DIC was captured using a pair of 35 mm focal length 
lenses and calibrated to a 10 mm board, and a high-resolution area of interest, focussing on the 
adhesive bond line, was recorded using a pair of 80 mm focal length lenses and calibrated to a 4 mm 
board. Both pairs of camera systems used 4/3rd cameras, all images were taken at F numbers of 8 or 
greater to ensure the specimen was in focus throughout the test. DIC images were acquired at a rate 
of 1 photo per second. After the images were captured and processed, strain distribution maps were 
produced which are discussed in detail in the results sections.  
 
Figure 7.13: DIC analysis test set-up, showing a four-camera system, allowing a full-field (outer 
cameras) and high-resolution (inner cameras) correlation, and the T-Joint in position in the test 
fixture, as used on TPD. 
7.2.4 Finite Element Model 
A finite element model developed by the University of Bristol ACCIS research group was created with 
the intention to predict the failure of adhesively bonded T-Joint when loaded under the T-Pull loading 
mode, as described previously in § 7.2.2. 2D modelling was undertaken to determine the stress 
distribution in the T-Joint, and to identify the hotspots where failure may occur. 3D slice modelling 
was conducted to predict the failure modes that a T-Joint might undergo. Finally, a half-width 3D 
model was set up to determine the failure mechanisms introduced by finite specimen width. 
Homogenised properties of the laminates were used in the FE model. The homogenised properties of 
the MTM44-1/ IMS65 [45/135]12s, and [45/135]2s, being the lay-up configurations of the deltoid region 
and the web region of the flange laminates respectively, previously presented schematically in Figure 
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7.2 in § 7.2.1, are summarised in Table 7.1. The homogenised properties of the MTM44-1/ IMS65 
[45/135/0/90/0]2s laminates (i.e. the lower skin section) are summarised in Table 7.2.  
Table 7.1: Homogenized properties of the [45/135]12s and [45/135]2s laminates, as supplied by 
BAE Systems. 
Exx (GPa)† Eyy (GPa)† Ezz (GPa)†† Gxy (GPa)† Gzx(GPa)†† Gyz (GPa)†† 
16.1 16.1 10.2 44.5 3.49 3.49 
νxy† νxz†† νzy†† αxx (°C-1)† αyy (°C-1)†† αzz (°C-1)†† 
0.829 0.0787 0.0498 1.83x10-6 1.83x10-6 4.35x10-5 
† Data from classical laminate theory (CLT) 
†† Data from the equivalent through-thickness strain for the layup and the principle stresses from CLT 
Table 7.2: Homogenized properties of the [45/135/0/90/0]2s laminates, as supplied by BAE 
Systems. 
Exx (GPa)† Eyy (GPa)† Ezz (GPa)†† Gxy (GPa)† Gzx(GPa)†† Gyz (GPa)†† 
86.3 55.1 10.2 20.4 3.49 3.49 
νxy† νxz†† νzy†† αxx (°C-1)† αyy (°C-1)†† αzz (°C-1)†† 
0.318 0.316 0.0677 1.09x10-6 2.88x10-6 4.35x10-5 
† Data from classical laminate theory (CLT) 
†† Data from the equivalent through-thickness strain for the layup and the principle stresses from CLT 
Whilst the mode I critical strain energy release rate, GIC, and the mode II failure stress, σIIC, of the 
Redux 873 paste adhesive was supplied, properties of similar adhesives were used in the analysis for 
both the remaining material properties of the Redux 873 paste adhesive, and the HTA 240 Cytec film 
adhesive. For example, the GIC, GIIC, and σIC values of the Redux 319 adhesive were used for the film 
adhesive, whilst the σIC value was taken from the HTA 240 Cytec film adhesive data sheet. A suggestion 
of further work from the report was to undertake an analysis of the sensitivity of the FE model to the 
missing properties, however this has yet to be completed. The model was post processed to provide 
FE model images that presented εxx and εyy strain at various points in time during the loading cycle, 
and to obtain the strain outputs from nodes from the 2D and 3D half-width models at set loads for 
quantitative comparisons with the experimentally obtained DIC data.  
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7.3 Results and Discussion 
7.3.1 Preliminary Experiments 
7.3.1.1 Test to Failure of TPA – Premature Failure and Test Optimisation 
The T-Joint TPA failed at 9.26 kN, which was a significantly lower failure strength than expected. An 
asymmetrical deflection of the T-Joint was observed, which suggested that the T-Joint was not loaded 
correctly. Upon further inspection it was found that the bolts holding the T-Joint in place were 
incorrectly torqued, and as such induced an unexpected mixed mode peel loading case. The 
premature failure of TPA underlined the requirement of a stringent test set-up procedure and 
identified a best practise of testing. Consequentially, all bolts holding the remaining T-Joints into the 
test fixture were tightened to a 7 N.m torque. Whilst this result is consequently not representative of 
the anticipated loading case, it highlights the ability of the DIC technique to identify a localised area 
of strain quite effectively. The testing of TPA also highlighted best experimental practise moving 
forward. Figure 7.14 shows a graph displaying the load-extension curve of the test element TPA. 
Through visual inspection, it appeared that the T-Joint failed through an asymmetric peel failure mode, 
failing at the adhesive-substrate interface initiating from the right-hand side of the sample as observed 
from the front face of the T-Joint. The load-extension curve shows a non-linear region of loading from 
initiation to about 4 kN, which could be related in some respects to the asymmetric loading applied. 
 
Figure 7.14: A graph showing the load-extension curve for TPA. 
The DIC set-up was also used for the first time on specimen TPA. Figure 7.15 shows the DIC image 
capture taken from the mechanical testing of TPA at a load of 9.83 kN, just before failure. The DIC 
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strain map shows strains in the direction of loading, εyy (Figure 7.15 (a)), and transverse strains εxx  
(Figure 7.15 (b)). From the DIC strain maps, it is clear that the T-Joint has been subjected to 
asymmetrical loading. Label 1 shows a compressive eyy strain, whilst label 2 highlights a tensile exx 
strain.  
 
Figure 7.15: Penultimate DIC image captures from TPA. (a) the εyy strain map. (b) the εxx strain 
map.  
The failure surfaces of specimen TPA can be seen in Figure 7.16. Ply delaminations were observed in 
multiple areas (Label 1). Contrasting regions on the flange indicate how the adhesive spread as the T-
Joint consolidated during manufacture (Label 2). A straw-coloured residue can be seen, which 
followed a 45° pattern, and is consistent with the composite lay-up pattern (Label 3). It was concluded 
to be the MTM 44-1 resin used in the IMS65 / MTM44-1 pre-preg. 
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Figure 7.16: TPA failure surfaces, highlighting elevation from which DIC images were 
captured. (1) Surface ply delaminations. (2) adhesive flow fronts during consolidation. (3) 
straw-coloured residue from the MTM 44-1 resin. 
A close-up of the delamination on the lower skin section of TPA is shown in Figure 7.17. This surface 
delamination reaches across the width of the sample (Figure 7.17, Labels 1 and 2), which suggests load 
was transferred across the adhesive bond, and that TPA did not fail in pure peel failure mode. When 
considered alongside the DIC observations made in Figure 7.15, this point is thought to have been the 
point of initiation of the surface ply delamination (highlighted by Figure 7.15 Labels 1 and 2). The 
straw-coloured residue, highlighted by Label 3 and concluded to be some of the MTM 44-1 resin used 
in the composite pre-preg, is also visible. This is seen in further detail in a digital micrograph, as shown 
in Figure 7.18. 
 
Figure 7.17: End view of the lower skin section of TPA after failure. A peel-induced 
delamination is clearly visible. (1) Initiation of the delamination. (2) Surface ply delamination 
across the width of the sample. (3) MTM 44-1 resin residue.  
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Figure 7.18: A digital micrograph of a region on the lower skin fracture surface of TPA. MTM 
44-1 resin fragments (Label 1) and exposed fibres in delamination regions (Label 2) can be seen. 
 
7.3.1.2 Conclusions from Preliminary Investigations 
The preliminary investigations in this subsection highlighted several best practises for the following 
investigations presented in this chapter. The T-pull assembly was found to be visibly sensitive to how 
the T-Joint is placed in the test fixture. All further T-Joints were positioned in the fixture in such a way 
that the skin section was flush with the lower test fixture section. The bolts securing T-Joints into the 
fixture in all further investigations were torqued to 7 N.m to ensure consistency and a symmetrical 
loading case.  
7.3.2 Load – Extension Curves 
Initial observations on the load – extension curves are presented in this subsection. Figure 7.19 shows 
the load extension curves and the failure loads of specimens TPA to TPD. TPB and TPC exhibit 
discontinuities, which is suggestive of damage onset due to loading. TPD exhibits an initial increase in 
gradient as the load is applied until about 0.5 kN; this is suggested to be due to load uptake in the test 
fixture assembly as it is only a small portion of the load – extension curve. As presented earlier in § 
7.3.1.1, TPA also exhibited a non-linear region, however this is suggested to be related in some 
respects to the asymmetric loading applied as the load-extension curve did not show a linear 
relationship until about 4 kN. 
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Figure 7.19: Summarising graph displaying the load-extension curves for the T-Joints tested to 
failure. 
7.3.3 DIC Strain Contours – Macroscopic Observations 
Over the course of the load cycle to failure, TPB, TPC, and TPD exhibited similar DIC strain contours, 
consistently exhibiting high strain in similar regions. Figure 7.20 shows a montage of the εxx full-field 
DIC strain contours of TPC at various loads. As the load is increased, regions of high transverse tensile 
strain can be seen at the deltoid region in the flange (Label A) and at the foam insert regions in the 
lower skin section (Labels B and B’). The final image of the montage is shown at higher magnification 
in Figure 7.21. 
 
Figure 7.20: Montage of the DIC strain contours of TPC, showing the εxx strain.  
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Figure 7.21: Penultimate DIC strain contour of TPC, showing the εxx strain at a load of 25.6 kN. 
An Interesting feature to note in Figure 7.21 is that the εxx strains in the flange section of the T-Joint 
specimen are macroscopically characteristic of a bending beam; they show tension (red) on the top 
face, near the web, and compression (blue/purple) on the bottom face. The regions of high tensile εxx 
strain at the foam insert region (Figure 7.20 and Figure 7.21, Labels B and B’) are the locations where 
a crack was observed in the post-tested specimen TPC. This crack runs from the foam insert across 
one ply, and then along the central ply as a delamination, which can be seen in Figure 7.22.   
 
Figure 7.22: A crack observed at the foam insert region of TPC on the opposing face of the DIC 
analysis, showing crack length and direction of propagation. 
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Figure 7.23 shows a montage of the εyy strain contours of TPC at various loads during the loading cycle. 
A region of compression (Label A) can be seen to develop in the deltoid region, which may be caused 
by the Poisson’s ratio contraction effect from the transverse tensile strains in the region and 
influenced further by the [45/135] carbon fibre composite lay-up pattern at the deltoid, which has a 
Poisson’s ratio of 0.829. Regions of high tensile εyy strain can be seen at the corner points of the flange 
and skin section in the adhesive spew region (Labels B and B’). Regions of tensile strain can be seen to 
develop across the adhesive bond line (Labels C and C’). The tensile strain can be seen to increase as 
the load is increased, showing that there is a peeling force acting on the adhesive bond as the lower 
skin section hogs due to bending. The penultimate DIC strain contour of TPC prior to failure, showing 
the εyy strain, can be seen at higher magnification in Figure 7.24. 
 
Figure 7.23: Montage of the DIC strain contours of TPC, showing the εyy strain.  
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Figure 7.24: Penultimate DIC Strain map of TPC, showing the eyy strain contours at a load of 
25.6 kN. 
Figure 7.25 (a-d) shows a montage of the adhesive bond line region of TPC moments in the three 
seconds before the catastrophic failure of the adhesive bond (Figure 7.25 (e)), with DIC strain contours 
(εyy) taken at intervals of 0.6 seconds leading up to the point of failure. Subtle variations of the strain 
field can be observed as the load increases (as highlighted by the difference in Labels 1 to 5 from image 
to image). Through close inspection, the left-hand edge of the surface ply delamination in the montage 
(Figure 7.25 (e))  can be seen to align with two of the red regions of high tensile εyy strain across the 
adhesive bond line. This is shown in Figure 7.26, which shows the failure surfaces of TPC and the 
surface ply delamination, by Label A and A’.  
A surface ply delamination (Figure 7.26 Label A and A’) can be seen on both the flange and lower skin 
section surfaces. A series of further delaminations can be seen on the lower skin surface (Label B). As 
observed on the TPA failure surfaces (§ 7.3.1.1), contrasting regions on the flange indicate how the 
adhesive spread as the T-Joint consolidated during manufacture. On the left-hand side lower skin 
fracture surface, and on the opposing right hand side of the flange (Labels C and C’, dotted regions), 
the surface ply delaminations and resin residue are more prevalent.   
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Figure 7.25: Montage of the DIC strain contours taken for TPC leading up to failure, showing 
the εyy strain. Images taken every 0.6s, relating to one photo every 0.01 mm extension. Subtle 
variations in the DIC strain reported can be observed. 
 
Figure 7.26: TPC failure surfaces in relation to DIC acquisition. Labels A and A’ highlights a 
surface ply delamination, Label B highlights a series of further delaminations, Labels C and C’ 
(dotted regions) highlights the regions where damage is predominantly seen.   
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Figure 7.27 shows a montage of the skin fracture surface in plan (a) and side (c) elevations, and the εyy 
DIC strain contour (b). The surface ply delamination can be seen to align with the tensile strain 
hotspots (Labels 1 and 1’) During the inspection of TPC after loading to failure, a delamination was 
observed in the centre ply of the skin section, which is highlighted by Label 2. This is thought to have 
occurred due to matrix cracking as a result of the high strains caused by the bending of the lower skin 
during loading and has likely arisen from the foam insert region, much like the crack and subsequent 
delamination seen previously in Figure 7.22.  
 
Figure 7.27: Delaminations observed at both the surface ply and in the centre-line of the lower 
skin section of TPC. (a) Plan elevation of skin fracture surface. (b) DIC image at a load of 25.6 
kN, showing εyy strains. (c) Side elevation of TPC, showing alignment of DIC hotspots to 
observed delamination. 
DIC data was collected for specimen TPD using both a 35mm focal length camera pair to obtain a full-
field strain contour, and an 80mm focal length camera pair to investigate whether higher resolution 
strain contours would provide additional useful information. Figure 7.28 shows a montage of the DIC 
strain contours taken for specimen TPD, showing the εyy strain captured using the 35mm prime lens. 
As discussed previously, regions of tensile strain can be seen to develop at the edges of the flange at 
the bond line (Labels A and A’) and at points in the centre of the adhesive bond line along the bond. 
Regions of compressive εyy strain can be seen to develop on both the flange and lower skin section 
edges, and in the deltoid region (Label B) of the flange. 
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Figure 7.28: Montage of the DIC strain contours taken for TPD, showing the εyy strain. DIC 
images captured using the 35 mm prime lens, focusing on the full-field T-Joint and cropped to 
highlight the paste adhesive bond line. 
Figure 7.29 shows a similar montage captured using the 80 mm prime lens. The regions of compressive 
strain where the web meets the flange (deltoid region, Label A) and lower skin section edges (Label B) 
are more well-defined than in Figure 7.28. In particular, the regions of high tensile strain across the 
adhesive bond line (Labels C and C’), appear to be better defined when compared with the 35 mm 
lenses. In the penultimate image before failure, a region of tensile strain in the lower skin section 
(Label D) and a region of compressive strain below the deltoid region (Label E) can be seen which were 
not as clearly defined when observed using the 35 mm lenses.  
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Figure 7.29: Montage of the DIC strain contours taken for TPD, showing the εyy strain. DIC 
images captured using the 80 mm prime lens, focusing on the paste adhesive bond line. 
It is interesting to note that whilst the 35mm lens pair and 80mm lens pair are observing the same 
specimen at the same loads, at the exact same intervals in time, the strain maps show differences. As 
the 80 mm lens can capture the adhesive bond line region in more detail, it was expected to record 
regions of strain with higher precision. In order to obtain quantitative data to compare against the 
finite element model, virtual strain gauges were positioned in the web section for TPD, the positions 
of which can be seen in Figure 7.30. The virtual strain gauges were positioned in the web member of 
the flange as it was expected that this region would exhibit a positive and consistent uniaxial stress, 
and consequently yield strains that show a good degree of conformity. 
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Figure 7.30: Screen capture from the VIC 3D DIC analysis software, identifying the positions of 
the virtual strain gauges on TPD for the high-resolution analysis. 
Figure 7.31 shows the load-strain curve of TPD, showing the εyy strain as recorded by the strain gauge, 
and through using the five virtual strain gauges as acquired from the high-resolution DIC using the 80 
mm lens. The position of the virtual strain gauge, of course, affects the load-strain result since the 
strain field is changing rapidly with position.  
  
Figure 7.31: Load strain curve of TPD, showing the εyy strain as recorded by the strain gauge, 
and through using 5 virtual strain gauges as acquired from the high-resolution DIC strain 
analysis. 
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7.3.4 FE Model and Comparison to DIC 
A montage of the εxx strain contours outputted by the FE model displaying the predicted strains 
exhibited in the adhesive bond line region (images (a) and (b) at 10 kN and 20 kN respectively), and 
compared to the experimentally obtained DIC strain contours for TPC (images (c) and (d) at 10 kN and 
20 kN respectively) are shown in Figure 7.32. Regions of high tensile strain were predicted in the 
deltoid region (Label 1) and on the upper edge of the flange section (Label 2), whilst a region of 
compressive strain was predicted in lower skin section (Label 3). The strain contours predicted by the 
FE model appear to be qualitatively alike the strain contours observed in the experimentally acquired 
DIC data, however the magnitudes of the strain vary by as much as 20% in some locations. 
 
Figure 7.32: 2D slice FE model showing the predicted εxx strains for the T-pull loading case, and 
the experimentally observed strains for TPC. 
Figure 7.33 shows a montage of the 3D half width FE model predicted εyy strain contours, and the 
experimentally observed εyy DIC strain contours for TPD for loads of 10 and 20 kN. An area of localised 
compressive strain can be seen to form at the deltoid region (Label 1), as observed in the DIC analyses 
of the T-Joints. In both the DIC and FE model strain contours for a 10 kN load (images a and c), the 
compressive strain reported in the deltoid region (Label 1) has a magnitude of roughly -2000 µm.m-1. 
Localised regions of high tensile strain can be seen at the edges of the paste adhesive (Label 2) and at 
points across the paste adhesive bond line (Label 3). The FE model predicted the region highlighted by 
label 2 at a load of 10 kN (images a and c) would be more pronounced than what was observed in the 
DIC, with a much smaller region exhibiting strains of about 2000 µm.m-1 on the left-hand corner. With 
increasing load (20 kN, images b and d), the regions of high strain extend along the bond line in the 
same way as observed experimentally in the DIC strain contours, as highlighted by label 3. The FE 
model predicted a strain of 1200 to 1600 µm.m-1 and a symmetric distribution from the deltoid region, 
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however the DIC observed a strain of 1200 to 1600 µm.m-1 in the tensile region to the left of the 
deltoid, and a strain of a much lower magnitude (0 to 400 µm.m-1) to the right of the deltoid. Further, 
a region of compressive strain can be seen to develop around the mid-ply at the centre line of the 
lower skin section (Label 4). This was predicted to be about -800 to -1200 µm.m-1 by the FE model, 
and experimentally observed in the full-field analysis of TPC at about -800 to -1200 µm.m-1, and in 
more detail in the high-resolution DIC analysis of TPD, as seen previously in Figure 7.25 and Figure 
7.29 (both of which are in § 7.3.3) respectively. Whilst the magnitudes of the strain do not exactly 
correlate at each location, the general shape of the FE model matched well with the DIC result.  
 
Figure 7.33: Half-width FE model showing the predicted εyy strains for the T-pull loading case. 
In the finite element model, investigation into the failure modes of the T-Joint was done so by 
considering a 3D slice model. Table 7.3 summarises the failure load, as expressed as load per mm of 
width of the 3D slice / T-Joint, and the failure mode predicted / observed. It can be seen that the FE 
model predicts failure at the film adhesive in the flange section above the deltoid, and that if this 
failure mode is constrained (by setting the failure strength of the film adhesive to a value much higher 
than the paste adhesive), that the T-Joint will de-bond at the paste adhesive at a 44% higher load. 
Experimentally observed failure loads of the T-Joint (all observed as de-bonds at the paste adhesive) 
are much lower than the FE predicted failure at the paste adhesive. Ignoring TPA, as it was a 
preliminary investigation that failed prematurely (as discussed in § 7.3.1.2), the experimentally 
observed average failure load was at 159 N.mm-1. This meant that the FE model over-predicted the 
observed failure load by 60%. 
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Table 7.3: Summary of failure loads and failure modes, as predicted by the University of Bristol 
FE model, and experimentally observed through mechanical testing of T-Joints. 
FE model / 
T-Joint 
Failure load, 
N.mm-1 
Failure mode predicted / 
observed 
FE Model 
3D slice 178 De-bond at film adhesive 
3D slice* 256 De-bond at paste adhesive 
T-Joints 
TPA 62 De-bond at paste adhesive 
TPB 158 De-bond at paste adhesive 
TPC 171 De-bond at paste adhesive 
TPD 149 De-bond at paste adhesive 
*3D slice model constrained such that failure at the film adhesive interface would not occur 
7.4 Concluding Remarks 
In this Chapter, T-Joint composite specimens have been loaded in tension parallel to the web direction, 
in T-pull loading mode. The strains developed in the T-Joint flange and skin have been investigated 
using DIC for comparison with an FE model. Good agreement was found between the DIC determined 
strain contours and the FE predictions for the εyy strain, with an error of about 20%, however the FE 
model overpredicted the εxx strains by 44% as observed through DIC. Additionally, the model 
overpredicted the loads at which the T-Joint specimens failed at by 60%, which suggests that whilst 
the model was a good representation of the test case during the elastic region, further work is required 
to accurately predict the conditions at which failure occurs. Hotspots indicated by both the DIC results 
and the FE analysis were indicative of potential failure initiation sites in the fractured specimens. 
However, further work such as a detailed fractographic investigation using microscopic techniques is 
required to determine the exact cause of failure. 
The following and final chapter summarises the conclusions from each experimental chapter and 
makes recommendations for further work.
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Chapter 8 
Concluding Remarks 
8.1 Conclusions 
This thesis has described the investigation into three areas of interest to BAE Systems concerning 
aspects of bonded composite assemblies for aerospace applications. The work undertaken was 
focussed on the assessment and further development of technologies of interest at the current state 
of the art in composite technology. All of the composite specimens tested in this thesis were carbon 
fibre/epoxy resin systems that are used in industry. The main conclusions from each of these 
investigations are discussed in this section, which is followed by a section that suggests areas for future 
work. 
The first aspect of work considered a preliminary investigation into two emerging wide-area surface 
cleanliness measurement techniques (Optically stimulated electron emission and aerosol wetting test) 
and their applicability for composite surfaces. This involved applying contaminants known to be 
detrimental to the adhesive bond strength to composite specimens and using the identified 
technologies to assess the surface conditions. Whilst optically stimulated electron emission (OSEE) can 
detect contamination present on the surface of a composite surface, there was a significant amount 
of variability in the results when considering a textured surface. The aerosol wetting test was also 
investigated and was concluded to be able to detect the presence of contamination at the surface, 
although the technique is unsuitable for specimens that exhibit considerable surface roughness, for 
example, peel-ply surfaces. It is therefore concluded that whilst these two techniques show great 
potential to be integrated into a production line, there must be further development of the technology 
and the techniques were not pursued further in the work. 
The second aspect of work presented a detailed investigation into the effects that an atmospheric 
plasma treatment has on a thermosetting composite surface. Investigations concerned (i) the removal 
of a silicone-based release agent using the atmospheric plasma treatment characterised using surface 
analytical techniques and adhesive bond strength measurements and, (ii) the paired analysis of the 
failure surfaces of adhesively bonded lap-shear joints that had been bonded at various intervals in 
time after treatment. With the aid of atomic force microscopy investigations, it was concluded that 
atmospheric plasma treatments have a surface roughening effect on the carbon fibre/epoxy resin 
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composites which leads to increased mechanical interlocking and a stronger resultant bond. It was 
concluded that treated panels should be stored at ambient conditions post plasma-treatment, and 
not under a vacuum, which promotes the mobility of contaminant present.  
The degradation of the surface effects after plasma treatment was investigated using water contact 
angle and X-ray photoelectron spectroscopy (XPS). Modest increases in the water contact angle of the 
contaminated surfaces over time are suggested to be as a result of a hydrophobic recovery 
mechanism; however, these increases did not correlate with the increase in the contaminated lap 
shear failure strengths over time (the bond strength would be expected to decrease as water contact 
increases). XPS showed that silicon containing species react with oxygen species in the plasma and 
form a silica layer, as opposed to being fully removed from the surface of the composite.  
Investigations concerning the paired fractographic and spectroscopic investigations of lap-shear test 
specimens found that for specimens bonded 24 hours after plasma treatment, organic silicone species 
existed on one half of the fracture surface, whilst on the opposing half, the silicon species existed as 
an inorganic silica species. It was concluded that the specimens failed at this organic silicone/inorganic 
silica interface. For samples that were bonded 48 hours after plasma treatment, the bond strength 
had been restored to levels similar to the control condition. It was concluded that this length of time 
allowed the silicone species to migrate across the surface to regions of initially high surface energy, 
and then diffuse into the adhesive during curing.  
The final aspect of work considered the mechanical testing to failure of adhesively bonded composite 
T-Joint structural elements. The full-field strain contours exhibited by the T-Joints during the load cycle 
were obtained through digital image correlation. A comparison of the strain contours with an existing 
finite element model of the structural element showed good agreement between the model and the 
measured strain. Hotspots indicated by both the digital image correlation results and the finite 
element analysis were indicative of potential failure initiation sites in the fractured specimens and 
there was some evidence of these initiation sites on the specimen fracture surfaces. 
8.2 Suggestions for Further Work 
Investigations into the atmospheric plasma treatment of carbon fibre/epoxy resin composites in the 
present work have focussed on the surface chemical effects. Further experiments using depth profiling 
investigations of a post-treated sample at various levels of intensity of plasma treatment paired with 
sectional microscopy should be carried out. In doing so, an understanding of the effective treatment 
depth and any thermal effects in the bulk material would be obtained. Further investigations into 
plasma treatments might consider other thermosetting epoxy resin matrix materials of interest to BAE 
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Systems, for example, woven glass fibre composites, which are known to have poor fibre-matrix 
adhesion when compared to carbon fibre/epoxy resin composites. 
The work presented in this thesis has shown that atmospheric plasma treatments do not fully remove 
a silicone-based contaminant, however convert it into a stable silica form. An X-ray photoelectron 
spectroscopy depth profiling experiment could be used to determine the thickness of the contaminant 
layer post-plasma treatment and whether the post-treated contaminant layer comprises of a bi-layer 
of inorganic silica and inorganic silicone. 
With regard to the structural element testing of adhesively bonded T-Joints, further DIC experiments 
might consider the use of high-magnification image capture at regions of particular interest. For 
example, the deltoid region in the centre of the T-Joint exhibited complex strain contours and future 
high-magnification investigations might capture the local displacements with higher resolution. In 
addition to T-pull experiments, BAE Systems has an interest in the T-shear loading mode, which could 
also be investigated using DIC techniques. 
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Appendix A 
Virtual strain gauge size investigation 
A.1 - Introduction 
In this appendix, a comparison of the strains as measured by a strain gauge and using virtual strain 
gauges, as obtained as through post processing data acquired through digital image correlation, is 
presented. As DIC measures strain as the average strain over an area, an investigation into the size 
effect of the area of interest (AOI) that the strain is averaged over has been undertaken. This has been 
done so to understand the implications of small areas of interest, such as the AOIs that are to be used 
in measuring the strain in the uniaxial region of the T-Element web.  
In order to validate the DIC test method, investigations concerning a mild steel coupon were proposed. 
Mild steel was chosen as a simplified case as it is an isotropic material, and consequentially the strain 
fields were expected to be simple. A strain gauge was applied to the back face of the coupon and 
aligned in such a manner that it would record strain in the direction parallel to the loading direction, 
i.e. the y-axis. The DIC speckle pattern was applied to the front face using the approach outlined in § 
7.2.3. Images were taken at a rate of 1 photo per second as the coupon was subjected to a constant 
load rate of 1 mm/min. An area of interest (AOI) was then selected to cover a large portion of the 
coupon as it was loaded. This AOI is referred to as the full-field AOI and considered an area of 6200 
mm2. This is depicted in Figure A-1.  
Strain data was obtained from the full-field area of interest virtual strain gauge for each photo taken 
and reduced to present the strain at 0.5 kN intervals, as seen in Figure A-2. On the same graph, the 
strain data as recorded from the strain gauge, and an analytically determined strain is also presented 
for comparison. The analytical strain was calculated by the equation below assuming that the mild 
steel beam obeyed Hooke’s law at the loads applied. 
𝜀𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 =
𝑃𝐴
𝐸
 
Equation A-1 
Where εanalytical is the analytical strain, P is the force applied to the mild steel beam, A is the cross-
sectional area of the beam, and E is the Young’s modulus of mild steel. Trend lines have been plotted 
for both the strain gauge and virtual strain gauge series.  
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Figure A-1: The full-field area of interest, showing the eyy strain at a load of 20 kN. 
 
Figure A-2: Comparison of virtual strain gauge data for the full-field area of interest (AOI) as 
acquired through DIC against strain gauge data and an analytically determined expected strain. 
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It can be seen that the strain gauge data agrees well with the analytically calculated strain, however 
as the load is applied, the virtual strain gauge diverges from the strain gauge data. An investigation 
into the size effects of virtual strain gauges (VSGs) was undertaken. This was done to identify what 
levels of scatter could be expected when working with small VSGs, and how one might mitigate for 
the scatter. Three sizes of area of interest were considered for investigation. The sizes of each area of 
interest used in this investigation are summarised in Table 1. 
Table A-1: Area of interests used in virtual strain gauge size investigation 
Area of interest Size, mm2 
Full Field AOI 6200 (124 x 50 mm) 
AOI 1 400 (20 x 20 mm) 
AOI 2 100 (10 x 10 mm) 
AOI 3 25 (5 x 5 mm) 
 
Five areas of interest were then positioned at random points on the surface, and post processed as 
virtual strain gauges. The position of the VSGs for each area of interest (AOI) and their respective labels 
(R0 – R4) can be seen in Figure A-3. 
 
Figure A-3: The areas of interest, showing the eyy strain at a load of 20 kN. (a) AOI1, (b) AOI2, 
(c) AOI3. 
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Figure A-4 shows the load – strain curves for the analytically calculated strain, strain gauge as mounted 
on the rear of the mild steel beam, and the five virtual strain gauges, R0 to R4, for an area of interest 
of 400 mm2 (AOI 1).  
 
Figure A-4: Load – strain curves for the analytically calculated strain, strain gauge, and 5 
virtual strain gauges for AOI 1. 
It can be seen that there is variation for each VSG series from the strain values recorded by the strain 
gauge. Figure A-5 shows the load – strain curves for the analytically calculated strain, strain gauge as 
mounted on the rear of the mild steel beam, and the five virtual strain gauges, R0 to R4, for an area 
of interest of 100 mm2 (AOI 2). 
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Figure A-5: Load – strain curves for the analytically calculated strain, strain gauge, and 5 
virtual strain gauges for AOI 2. 
Figure A-5 shows that as the area of interest is reduced by a factor of four, a greater level of scatter 
exhibited. Figure 6 shows the load – strain curves for the analytically calculated strain, strain gauge as 
mounted on the rear of the mild steel beam, and the five virtual strain gauges, R0 to R4, for an area 
of interest of 25 mm2 (AOI 3). In this instance, the scatter has increased considerably. In order to 
mitigate for this scatter, the eyy strain from each virtual strain gauge was averaged for each load value. 
The averaged eyy strain for each area of interest can be seen in Figure 7. 
The virtual strain gauge measurements for all three areas of interest show good correlation to the full 
field DIC strain, and for each area of interest shows a good level of consistency with each other. As the 
size of the virtual strain gauge is reduced, the level of scatter decreased. There is still a noticeable 
divergence from the strain gauge measurements; the DIC measured strain exhibits roughly a 10% error 
for each VSG data series. To conclude, providing the virtual strain gauge is averaged over a minimum 
of 5 points, a representative strain value can be obtained.  
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Figure A-6: Load – strain curves for the analytically calculated strain, strain gauge, and 5 
virtual strain gauges for AOI 3. 
 
Figure A-7: Load – strain curves for the strain gauge, full-field area of interest, and the three 
averaged virtual strain gauge sizes. 
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